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ABSTRACT 
 
This investigation is divided into two portions linked together by the momentous 
reaches of electrochemistry science, principles influencing everyday phenomena as well as 
innovative research in the field of energy transformation. The first portion explores the 
strategies for flue gas carbon dioxide capture and release using electrochemical means. The 
main focus is in the role thiolates play as reversible strong nucleophiles with the ability to 
capture CO2 and form thiocarbonates. Carbon dioxide in this form is transported and 
separated from thiocarbonate through electrochemical oxidation to complete the release 
portion of this catch-and-release approach. Two testing design systems play a fundamental 
role in achieving an efficient CO2 catch and release process and were purposely build and 
adapted for this work. A maximum faradaic efficiency of seventeen percent was attained 
in the first membrane tests whose analysis is presented in this work. An efficiency close to 
thirty percent was attained with the membrane cell in recent experiments but have not been 
included in this manuscript. 
The second portion of this manuscript studies bulk stress evolution resulting from 
insertion/extraction of lithium in/from a lithium manganese oxide spinel cathode structure. 
A cantilever-based testing system uses a sophisticated, high resolution capacitive technique 
capable of measuring beam deflections of the cathode in the subnanometer scale. Tensile 
stresses of up to 1.2 MPa are reported during delithiation along with compressive stresses 
of 1.0 MPa during lithiation. An analysis of irreversible charge loss is attributed to surface 
passivation phenomena with its associated stresses of formation following patterns of 
tensile stress evolution.   
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CHAPTER 1 POST-COMBUSTION ELECTROCHEMICAL CAPTURE AND 
RELEASE OF CO2 
1.1 Introduction 
Current methods to generate energy rely on burning of a limited supply of fossil 
fuels. While available energy at the current rate of recovery and from its combustion and 
refinement extends over the span of several generations the ease of its extraction and 
straightforward availability will diminish at a greater pace.1, 2 With the world’s population 
nearing ten billion inhabitants by midcentury and developing economies fast paced 
industrialization, energy demands will inevitably grow at an even faster rate than 
population growth.1, 3, 4 In addition, emission produced during fossil fuel conversion to 
energy (greenhouse gases), have a detrimental impact on air quality and affect world 
weather patterns from atmospheric and oceanic temperatures to abnormal precipitation and 
droughts due to greenhouse gases serving as traps for heat.5, 6 Immediate action includes 
increase of energy use efficiency and capturing greenhouse gases at the source. Long term 
goals encompass a transition to alternative, cleaner methods for energy production. This 
manuscript focuses on the investigation of short-term methods to lighten the impact 
greenhouse gases have on the atmosphere until a long-term goal is reached. 
From all greenhouse gas emissions produced in various human activities, seventy-
seven percent are carbon dioxide emissions.7 Figure 1.1 shows a detailed breakdown of the 
different sources generating the main greenhouse gases (CO2, methane and nitrous oxide). 
From the seventy seven percent carbon dioxide emitted during energy production, a third 
is produced by coal plants as flue gas (a mixture of carbon dioxide, water vapor, nitrogen, 
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oxygen, as well as minor quantities of other air pollutants).6, 8 That is, coal plants generate 
almost a quarter of all the world’s carbon dioxide emissions into the atmosphere. Therefore, 
the research community is actively investigating methods to capture carbon dioxide from 
flue gas streams. The work in this manuscript proudly describes efforts towards carbon 
dioxide capture using electrochemical techniques. 
 
Figure 1.1 World greenhouse gas emission broken down by sector, end use/activity and 
type of gas. Reproduced from World Resources Institute, World Greenhouse Gas 
Emissions: 2005. http://www.wri.org/resources/charts-graphs/world-greenhouse-gas-
emissions-2005 (accessed October 15, 2015). Ref 7. 
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1.1.1 Current Capture Technology 
Several technologies exist to capture carbon dioxide. One of the most common and 
efficient current carbon dioxide capture systems uses ethanol amine to bind with CO2 
generating a carbamate derivative.9 Upon heating, this carbamate compound can release 
back the CO2 along with water. The chemical process is described below. 
 R-NH2 + CO2 + OH- ↔ R-NH-CO2- + H2O. (1.1) 
Its benefits consist of high rates of carbon dioxide capture form a flue gas as well as 
relatively inexpensive materials costs for its capture. This is important if there are plans to 
expand this technology to coal plants located around the world. However, Hammond et al. 
mentions that the energy cost per mole of CO2 captured is moderately high, namely 3.48 
GJ per ton.9 The capture process energy cost translates into an excessive twenty-one 
percent energy loss in the coal plant energy production process. The technology that plans 
to improve and eventually replace this process must have two important features, use less 
energy for CO2 capture and operate continuously at costs that are more reasonable than 
current techniques. 
1.1.2 Proposed Mechanism for Electrochemical CO2 Capture and Release 
Electrochemical capture and release of CO2 consists of having a reversible redox 
process that generates a highly nucleophilic molecule to bind with CO2 during its reduction. 
Upon oxidation of this catalyst-like species, CO2 is released and the original molecule is 
regenerated to participate in this process indefinitely. A precursor behaves as a catalyst for 
the process of CO2 capture and release. Let us call it P. Upon electrochemical reduction of 
the precursor, P, a potent nucleophile (N-) is generated. This nucleophile reacts with carbon 
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dioxide to form an adduct (N-CO2-) and upon electrochemical oxidation it is regenerated 
back into P plus releases CO2.9 This process is summarized as follows: 
 P + e- ↔ N- 
N- + CO2 ↔ N-CO2- 
N-CO2- ↔ P + CO2 + e-. 
(1.2) 
(1.3) 
(1.4) 
 Two groups of electrogenerated compounds behave according to the above process, 
bipyridinium radical anions and thiolates. Additionally, previous reports on CO2 capture 
utilized quinone species. Unfortunately, quinones and bipyridinium radical anions show 
high sensibility to oxygen and water and are therefore ruled out for the extreme conditions 
of the flue gas stream.10 
 Benzyl thiolates behave as potent nucleophiles that readily form adducts with CO2, 
analogous to equation (1.4). Upon capturing CO2, benzyl thiolates become benzyl 
thiocarbonates. In turn, Benzyl thiocarbonates can undergo electrochemical oxidation to 
release back carbon dioxide and become again benzyl thiolates, binding to another thiolate 
to form one benzyl disulfide species. See equation (1.5) for the structure and balanced 
equation of the equilibrium reaction between benzyl disulfide and benzyl thiolate. Benzyl 
thiolates and benzyl thiocarbonates are abbreviated as thiolates and thiocarbonates, 
respectively for the remainder of this work. Slight variations in the thiolate and disulfide 
structures appear in the latest portions of the results section (section 1.3); however, for the 
scope of this manuscript the analysis is similar, only the reactivity of the species change, 
yet the general chemical behavior is very close to that described in equation (1.5). 
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S-+ 2e- 2S
S
 
(1.5) 
Figure 1.2 and equations (1.6) and (1.7) show the general redox behavior of the 
thiolates used in this investigation. Note the potential window that separates the oxidation 
and reduction peaks. In a two-electrode cell consisting of an anode and a cathode, this is 
the potential, disregarding iR loses, necessary to carry out simultaneous oxidation and 
reduction at the fastest rates. Looking at the onset potentials, a value of (-0.6 V + 1.9 V) 
1.3 V is the minimum needed to start the redox processes. 
 
Figure 1.2 Cyclic voltammogram showing anodic and cathodic peaks for the formation of 
thiocarbonate by benzyl disulfide reduction and thiolate capture of CO2. Graph provided 
by Dr. Daniel Buttry and the Buttry group.11 
 The reactions occurring at A1 and C1 are the following: 
A1 
C1 
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A1: 
C2: 
2RS-CO2- ↔ RSSR + 2e- +2CO2 
RSSR + ↔ 2RS- ←------→2R-S-CO2-, 
(1.6) 
(1.7) 
Where benzyl disulfide is abbreviated as RSSR and benzyl thiolate as RS-. 
 The testing mechanism designed in this investigation maximizes the exposure of 
the membrane to a flow of gas. Specifically, two flows or streams of gases passing through 
each of the two membrane surfaces. These systems will be further described in the 
experimental section (section 1.2). For now, a simple representation of the fundamental 
processes happening in a separation-type cell proceeds as follows. Figure 1.3 shows details 
of the separation cell with emphasis on the electrochemical and chemical processes as well 
as the gas streams. A transport medium is encapsulated by two electrodes, an anode and a 
cathode, where oxidation and reduction occur, respectively in a multistep process. 
Reduction of benzyl disulfide occurs at the anode, where it forms two thiolate molecules. 
The feed stream of carbon dioxide binds with them upon contact and forms thiocarbonate. 
Up to this point, this EC process is characterized as a sequential route in virtue of thiolates 
attacking CO2 via a SN1 reaction.11, 12 Once thicarbonate has been formed at the point of 
contact with CO2 it migrates through the membrane under the influence of the applied 
potential. The purpose of the membrane is to provide a transport media for the 
thiocarbonate. At the anode, thiocarbonate is oxidized back into disulfide while also 
releasing CO2. The exit stream consists of an inert carrying gas that dilutes the released 
CO2 and transfers it into a non-dispersive infrared (NDIR) sensor for detection. 
CO2 
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Figure 1.3 Schematic representation of the CO2 separation cell operation. a) and c) are 
electrochemical processes, b) proceeds as an  SN1 chemical reaction.11 
1.2 Experimental Details 
1.2.1 Membrane Cell 
Preparation of a membrane consists of a multi-step process abbreviated here in three 
main steps: chemical dissolution into a solvent (typically methanol, Alfa Aesar, 99%), 
casting of a thin film on a flat surface (typically borosilicate glass slides, Alfa Aesar), and 
careful peeling of membrane with a single edge blade. Table 1.1 lists the membrane 
components that showed the best results in term of mechanical integrity and 
electrochemical performance. All the components where synthesized on-site from 
laboratory-grade precursors or equivalent. Detailed synthesis techniques and precursor 
details are beyond the scope of this manuscript but can be retrieved by contacting Buttry’s 
group.11 The finished membrane was let dry in a controlled nitrogen atmosphere as 
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thiolates are sensitive to long term exposure to air. The membrane was tested following 
proper sealing and electrical contact measures in order to obtain good reproducibility.  
Table 1.1 Typical membrane composition used in this work. 
Component Value Unit Role 
Imidazolium PPO 1.5 mL Matrix 
Benzyl disulfide 60 mg Electroactive species 
Sodium benzyl thiolate 72 mg Electroactive species 
Polyethylene oxide polymer† 303 mg Membrane scaffolding 
Tetraglyme 54 mg Ion diffusion enhancer 
Notes: † 10,000 Molecular weight. 
Figure 1.4 shows the assembly of a membrane in conjunction with carbon fabric 
tissue electrodes and sealing silicone gaskets prior to testing. A polytetrafluoroethylene 
(PTFE) Teflon® body was chosen as the main material in the cell due to its superior 
resistance to chemical attack and superior temperature resistance. A sequence of pictures 
showing the actual assembly of a membrane cell is included in Figure 1.5; (A) shows the 
stacking of the different components, (B) highlights sealing the system for testing, and (C) 
indicates a fully assembled cell. (C) also shows an important aspect: temperature control. 
Temperature control of a system with relatively small thermal mass but very resistive to 
heat transfer proved challenging. A thermocouple socket had to be in close proximity (less 
than 1 mm) to the membrane without disturbing the flow of gas. Careful design of the 
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testing cell ensured proper performance and several versions were delivered for testing. 
The design portrayed in Figure 1.5 is one of the final versions that returned the highest 
levels of reproducibility between experiments. 
 
Figure 1.4 Membrane cell detail showing Teflon cell body (I), carbon fabric/paper 
electrodes (II), silicone gaskets (III), and porous polypropylene separator impregnated with 
ionic liquid or a membrane (IV). 
Figure 1.5C displays the gas ports which will be referred as gas feeds throughout this 
document in the following fashion: the membrane side facing a high concentration of CO2 
(where reduction of benzyl disulfide occurs) constitutes the feed stream, feed side or 
cathode side. Conversely, the opposite membrane surface where CO2 permeates out is 
defined as the exit side, or anode side. The exit side is exposed to a N2 carrying gas in order 
for the collected to be diluted for detection by the NDIR CO2 sensor. The sensor itself has 
an accuracy of 5% and a resolution of 40 ppm nominal with a detection range between 0 
I 
II 
III 
IV 
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and 1% CO2 (CO2meter.com, COZIR model GC-0012). Variable area correlated 
flowmeters (Cole-Parmer, EW-03227-00) controlled the flow of gas with the assistance of 
an adapted high resolution needle valve. Typical flows at the feed side ranged from 3 
mL/min to 100 mL/min and at the detector exit side from a minimum of 5 mL/min (to avoid 
backflow of atmospheric CO2 into the sensor) to a maximum of 200 mL/min. A 90-watt 
silicone braided heating tape (Glas-Col) was controlled by a Cole-Parmer DigiSense 
temperature controller and provided temperatures up to 120 °C. The temperature controller 
used a PID algorithm that guaranteed temperature variability of less than 1 °C as long as 
several points of temperature control fed the controller. Membranes were tested under 
temperatures ranging from room temperature to around 110 °C. Electrochemical 
measurements were performed with a Gamry Reference 3000 potentiostat/galvanostat in a 
two-electrode cell setup. 
A  
C  B  
Silicone Gasket 
Membrane 
C veil 
TC socket 
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Figure 1.5 Membrane cell assembly sequence. First half of cell body with silicone gaskets, 
carbon veil electrodes and membrane in place (A). Second half attaches with precision 
machine screws (B). Assembled cell showing thermocouple socket for temperature sensing 
(C). 
1.2.2 Dual Loop Flow Cell 
  A dual loop flow cell testing system was designed and adapted to a previously built 
polyvinylidene fluoride body flow cell, referred in this document as the first generation 
design. Figure 1.6 shows the schematic of this testing system and the general characteristics 
of its operation. It contains two dual-head peristaltic pumps (Cole-Parmer) which pump by 
progressively compressing a flexible tubing, inducing a net positive fluid displacement. 
Due to the reactivity of thiolate, the flexible tubing of choice is a PTFE-fluroelastomer 
blend (Gore, High-Resilience Style 400). This tube is very cost-prohibitive, therefore only 
the portions being actuated by the pumps are composed of this tubing. The remaining loop 
uses standard 1/8-inch outer diameter PTFE tubing along with polypropylene and 
perfluoroalkoxy-alkanes (PFA) compression tubing. An updated flow cell design (shown 
in Figure 1.7) addressed issues to improve flow distribution and resistance reduction. The 
cell itself was machined from a solid piece of polyether ether ketone (PEEK). The spargers, 
one termed CO2 sparger, injects argon-diluted CO2 into the fluid through a borosilicate 
fritted dispersion tube; and the other sparger, named inverse sparger, bubbles into the fluid 
to extract CO2 using an inert carrying argon gas (also using a borosilicate glass fritted 
dispersion tube). Both spargers have their own exhaust lines and are connected to NDIR 
CO2 detectors of different detection ranges—i.e. the CO2 sparger needs a wider range due 
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to higher carbon dioxide concentrations being purged.  All materials chosen in this system 
comply with strict temperature and chemical stability requirements. 
 
Figure 1.6 Block diagram of flow cell array indicating components, function and main 
reactions. 
 As its name indicates, the dual loop flow cell consists of a circuit of moving fluid 
divided into two loops. One loop takes the fluid from the cathode (Loop A in Figure 1.6) 
where benzyl disulfide reduces into thiolate, and due to the fluid being saturated with 
carbon dioxide, it turns immediately into thiocarbonate. The fluid is bubbled with diluted 
carbon dioxide at the CO2 sparger to maintain its concentration and is pumped into the 
main body of the cell where it splits into cathode and anode channels. On the loop B, 
thiocarbonate is oxidized into disulfide and carbon dioxide gas, effectively increasing the 
Cahode Reactions: RSSR + 2e- ↔ 2 RS- 
            RS- + CO2 ↔ RSCO2- 
Anode Reactions: 2RSCO2- ↔ RSSR + 2e- +CO2 
Dual-head peristaltic pump  
(2 separate flows/same pump rate) 
Loop A 
Loop B 
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CO2 concentration of the fluid. From Henry’s law, this gas concentration increase translates 
into more CO2 being extracted at the inverse sparger by argon and taken to the CO2 sensor. 
The fluid is then pumped back into the main body to start the process again. The flow rates 
of the fluid (ionic liquid electrolyte with disulfide and thiolate species) are kept 
proportional to their stoichiometry in order to avoid diffusion limitations at the electrodes. 
The flows and currents, however, are high enough to render this last consideration 
unnecessary. In fact, the very concept of a flow cell is to impede diffusion limitations, such 
as the ones observed in the membrane system, to affect the electrochemical performance 
of the CO2 catch and release process. 
 
Figure 1.7 CAD visualization of second generation flow cell design. 1/16” OD canal (red 
arrow) connects NPT socket of the design (black arrow) to the electrode area (blue arrow). 
 The system is initially filled with electrolyte through the spargers, which have a 
removable top sealed with a fluoroelastomer o-ring. The pumps start to circulate the fluid 
and the whole system is allowed to equilibrate. If necessary, a heat tape (Glas-Col) 
connected to a temperature controller (Cole-Parmer DigiSense) is used to control the 
temperature of the spargers. Finally, the carbon electrodes (190 μm TGP-H-060 carbon 
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paper) are connected to a potentiostat/galvanostat (Ivium CompactStat) through 100-μm 
outer diameter platinum wires. Electrochemical measurements are logged into a 
spreadsheet along with carbon dioxide concentration from both spargers. Additional 
measurements included determination of ionic liquid viscosity and resistivity at various 
temperatures. These were accomplished by refurbishing a viscometer (m-VROC) which 
uses laminar shear to determine the fluid viscosity (η). Additionally, an ethylene glycol 
circulating heating bath was adapted to the apparatus in order to measure η as a function 
of temperature. 
1.3 Results 
1.3.1 Steady State Gas Permeation in Polymeric Membranes 
Permeation processes through polymer membranes are diffusion controlled and can 
be described using formal representations of diffusion laws. In the case of gas diffusion, 
Fick’s first law of diffusion takes the following form:13 
 
 
(1.8) 
where J is the flux, D is the diffusion coefficient, C is the concentration of species, l is the 
medium thickness (of a polymeric membrane in our case), P the permeability coefficient, 
and p partial pressure. Figure 1.8 shows a graphical representation of these parameters as 
applicable to a permeable membrane. 
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Figure 1.8 Graphic representation of a permeable medium and Fick’s first law of diffusion 
parameters J, p1, p2, and l representing flux, partial pressure of the feed, exit partial pressure 
of interest, and membrane thickness, respectively. 
 Formal theoretical frameworks of diffusion in polymers model flow rate and 
concentration changes of a diffusant in membranes as a function of time.14 These diffusion 
models typically model relatively thick membrane materials with long-range order but no 
specific homogeneous compositions. As such, changes in diffusant concentrations are 
difficult to quantify. The following expression illustrates an expression that quantifies 
diffusant concentration during non-steady state conditions:14 
 
 
(1.9) 
x=0 
x=l 
p
1
 J, p
2
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where Qt represents the amount of diffusant leaving a unit area at the exit side of a 
medium—CO2 exit side in our case—for a given time t, and C1 is the concentration of 
diffusant at the high concentration side (CO2 concentration at feed side). Considering the 
reduced thickness of the membranes—in the range of 100 µm—and in turn, a virtually 
constant D along with the fact that CO2 measurements are given enough time to equilibrate, 
it is safe to assume steady state conditions (t → ∞); then (1.9) simplifies to: 
 
 
(1.10) 
where Qt is linearly proportional to time and as described above represents the exiting 
surface of a membrane (see x = l in Figure 1.8). The intercept, L, on the time axis is given 
by 
 
 
(1.11) 
and represents the time it takes a diffusant (e.g. CO2) to traverse the membrane thickness 
l. That is, at t = L the gaseous diffusant has traveled the membrane thickness l and starts to 
leave the exit surface of the membrane with a flux J and a partial pressure p2. Once t > L, 
(1.10) will always report a positive value. It is important to note that the diffusion 
coefficient D can be readily obtained from equation (1.10) which is defined by 
straightforward quantifiable parameters. Additionally, the permeability coefficient, P is 
often found in polymer and membrane selection guides to assess gas permeability and 
solubility of various polymeric films.15  
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(1.12) 
  (1.13) 
Equations (1.12) and (1.13)  use parameters that are easy to control in order to obtain 
permeability and solubility estimates: V is the volume of a permeant, A the area 
perpendicular to the flow of the membrane, E the pressure drop across the film, and S the 
solubility of the membrane to a given gas diffusant. Values found in the literature and 
chemical compatibility tables often list P and S (diffusant solubility) for various polymeric 
materials.15 By using the expressions above, it is possible to obtain P from (1.8) or (1.12), 
D from (1.10), and S from (1.13). The following results were obtained using the testing 
cell described in section 1.2 and show typical permeability calculations using the above 
relationships. 
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Figure 1.9 Carbon dioxide permeability in a silicone rubber membrane composite. 
Membrane thickness, l = 5 mils (0.0127 cm), area, A = 1 cm2 and CO2 partial pressure at 
feed side of 0.25 bar (i.e. CO2 at feed side is diluted to 25 percent). 
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Figure 1.10 Expanded portion of first response curve from Figure 1.9. Note the transformed 
ordinate axis for Qt, the amount of diffusant per area leaving the exit side of the membrane. 
CO2 is introduced at t = 16 min, as shown by the red arrow and a response is observed 1.8 
minutes (108 s) later. Nitrogen carrying gas flow is 22 mL/min. 
 Figure 1.9 shows a control experiment with a silicone rubber film. The CO2 
response, as measured by the CO2 sensor, shows the CO2 response during flow of only 
nitrogen through the testing cell and the corresponding response when CO2 is added (25% 
CO2 by flow). The procedure is repeated to show consistency. The CO2 signal rises when 
CO2 is introduced into the system at t = 16 min and decays when line matches the previous 
flow with only nitrogen. The signal returns to the original baseline value with almost pure 
nitrogen in the line. The existence of a non-zero baseline is due to sensor calibration offsets 
and minute residual CO2 from system gas desorption and leaks, in that order. Also, the lag 
time from the gas source to reach the feed side of the membrane surface as well as that 
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from the exit side of the membrane to the sensor has been taken into account in our 
calculations (approximately 60 s both ways). The same CO2 response appears when the 
procedure is repeated. For the purpose of this analysis, the attention goes to the first 
response shown alone in Figure 1.10. Note that the y-axis changed to express it as a 
parameter relevant to the ongoing treatment, Qt. As mentioned above and described in 
equation (1.11), the time it takes CO2 to travel through the membrane is 
 
 
(1.11)  
therefore, from Figure 1.10 
 
 
(1.14) 
which gives us a straightforward estimation of the diffusion coefficient for a silicone rubber 
membrane. This value is in close agreement with values found in the literature.16 From the 
steady state value of 10,000 ppm CO2 seen in Figure 1.10 and considering a carrying gas 
flow of 22 mL/min along with equation (1.8) the permeability parameter, P is easily 
calculated as follows 
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(1.15)  
Again, this returns a value very close to what is reported in the literature: 1.5 × 10-5 
mL∙cm/s-cm2-bar.15 
 The procedure to obtain important permeation parameters established above, can 
now be used to obtain estimates from a 50:50 by weight imidazolium PPO:PS* membrane 
blend.  
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Figure 1.11 Carbon dioxide permeability in an imidazolium PPO/PS* membrane 
composite. Membrane thickness, l = 4 mils (0.0102 cm), area, A = 1 cm2 and CO2 partial 
pressure at feed side is 0.25 bar (i.e. CO2 at feed side is 25 percent). 
                                                 
* PPO/PS: poly(2,6-dimethyl-1,4-phenylene oxide)/Polystyrene 
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Figure 1.12 Expanded portion of first response curve from Figure 1.11. CO2 is introduced 
at t = 17 min, as shown by the red arrow and a response is observed 4.0 minutes (240 s) 
later. Nitrogen carrying gas flow is 21 mL/min. 
 We begin with determination of the diffusion coefficient as follows 
 
 
(1.16)  
A value reflecting relatively slow diffusion of CO2 in the chosen medium. For the 
permeability coefficient (1.8) returns: 
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(1.17)  
which can give an estimate of the membrane solubility through equation (1.13). 
 The purpose of the analysis carried out in the above paragraphs is that of 
demonstrating the robustness of the testing cell. By being able to predict fundamental 
membrane transport parameters, the testing assembly can test permeation phenomena in 
similar media. It is important to highlight that transport resultants would have differed 
significantly from literature values if major leaks or inhomogeneous flow distribution were 
encounter in our membrane cell. 
1.3.2 Electrochemical Capture and Release of CO2 during Potential Holds 
Analysis of CO2 movement in membranes thus far encompassed systems in 
equilibrium and a spontaneous diffusion driven by lower concentration gradients. One 
might wish to accelerate this process by means of employing an electric field such as that 
during a potential hold. By electrochemically reducing the precursor and forming an adduct 
with CO2 at the feed side (cathode), a net CO2 migration towards the exit side (anode) is 
expected. This process should occur faster than spontaneous diffusion of CO2 alone. The 
corresponding findings are summarized in the following paragraphs. 
The experiment starts by having a mixture of carbon dioxide and nitrogen gases 
flow at the feed side of our membrane cell. Certain amount of CO2 permeates through and 
leaves at the exit side of the membrane, and in turn is carried by nitrogen to the sensor. The 
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first forty minutes of Figure 1.13 show the establishment of this background diffusion as 
our baseline. Quantitatively, this imidazolium-based membrane permits 177 ppm CO2 to 
leave the exit side of the membrane and be detected by the CO2 sensor. Capture of CO2 by 
reduced thiolates, results upon application of a potential of -5.5 V on the feed side (cathode) 
with respect to the exit side (anode), as described in section 1.1. The thiolate-CO2 adducts 
(thiocarbonates) are theorized to diffuse through the membrane and reoxidize at the exit 
side into benzyl disulfide, effectively, releasing CO2. 
 
Figure 1.13 Carbon dioxide response during a -5.5 V potential hold in an imidazolium PPO 
with PEO matrix membrane. More details in Table 1.2 and   
Table 1.3. 
Table 1.2 Values of interest for the membrane sample used in Figure 1.13. 
Parameter Thickness Applied Potential Temperature Electrode Area 
Units µm V °C cm2 
Value 250 - 300 -5.5 75 1.69 
177 
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Table 1.3 Membrane formulation for sample used in Figure 1.13. 
Constituent Quantity 
Imidazolium PPO 1.5 mL 
Benzyl Disulfide 60 mg 
Sodium Benzyl Thiolate 72 mg 
10,000 MW PEOa 303 mg 
Tetraglymeb 54 mg 
Notes: a Polyethylene oxide. b Tetraethylene glycol dimethyl ether 
The process of holding a potential to activate the electrochemical capture and 
release of CO2 lasts 5 minutes with the CO2 response returning to the previously established 
baseline as illustrated in Figure 1.13. An integration of the CO2 response curve with respect 
to time and above the baseline is followed by measurements of gas flows and charge spent 
during the potential hold. This way, the capture and release of CO2 can be assessed in terms 
of faradaic efficiency as follows: 
Integration of CO2 response curve (Figure 1.13) with respect to time: 
 
 
(1.18)  
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Nitrogen flow (FN2) considering PV = nRT with P = 1 atm, V = 3.43 mL, and T = 298 K): 
 
 
(1.19)  
By using (1.18) and (1.19) give the number of moles detected by the CO2 sensor as 7.86 × 
10-8 moles. It follows that the charge Q needed to produce this sensed CO2, using Faraday’s 
constant (96485 C/mol) is 7.59 × 10-3 C. The charge reported by the potentiostat during the 
potential hold interval (between 43.2 min and 48.3 min) is 0.38 C. This gives a faradaic 
efficiency of just 2 percent. 
1.3.3 The Case of Potential Polarity Reversal 
Significantly low faradaic efficiencies motivated the author to seek alternative 
explanations to such disappointing performance. All elements involved during testing were 
proven to work properly and the issue of current polarity conventions came into play. 
Proper current symbol adjustments had been made prior experimentations when changing 
between potentiostats with different conventions. However, in one experiment, the reverse 
polarity was used on purpose with results that would offer a different understanding of the 
main processes governing CO2 capture and release in polymeric membrane media. The 
research group concluded that diffusion of benzyl disulfide was limiting and excessively 
slow to provide the system with a constant flow of this oxidizing species. This increased 
the membrane polarity and prompted irreversible reduction of other species at the cathode. 
Figure 1.14 portrays the main processes occurring during a reversed polarity (oxidation at 
the feed stream/reduction at the exit stream). Compare this depiction with the one presented 
in Figure 1.3. 
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Figure 1.14 Schematic representation of CO2 separation cell during reversed polarity. 
Compare to Figure 1.3 in section 1.1. 
With benzyl disulfide as a limiting diffusing species, a reverse polarity experiment 
reduces it at the membrane surface of the exit stream until saturation of its product, 
thiocarbonate, is reached. Longer holds start to reduce other species, effectively 
decomposing the membrane. As observed in the form of membrane discoloration and 
current variation changes. Once this saturation point is reached, the polarity changes back 
to have oxidation at the exit side of the membrane and all thiocarbonate formed is oxidized 
back into disulfide, releasing CO2. Figure 1.15 shows this behavior to a startlingly great 
detail. First, a diluted carbon dioxide stream in nitrogen establishes a steady state condition 
reflected by the baseline of approximately 200 ppm. Second, reduction of the electrode 
located at exit stream portion of the membrane uses up all carbon dioxide diffusing through 
the membrane (region II in Figure 1.15), effectively reducing the 200 ppm baseline close 
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to 50 ppm. At this point, a decreasing number of disulfide species is reflected in a reduced 
CO2 capture by thiocarbonates. Third, the potential hold stops and the baseline returns to 
its original value of ~200 ppm. Once the baseline has stabilized, oxidation begins at the 
same electrode and the CO2 concentration profile increases until most of the thiocarbonate 
formed at the surface turns into benzyl disulfide, releasing carbon dioxide and returning to 
the 200 ppm baseline (IV in Figure 1.15).  
 
Figure 1.15 Experiment showing the effects of reversing the potential (I and II) in order to 
circumvent benzyl disulfide. After allowing to reach the original baseline, a forward biased, 
normal polarity (III and IV) experiment follows. Note positive currents (I) for a reverse 
polarity potential hold (reduction at exit stream) and the opposite (III) for a regular 
potential hold (reduction at the feed stream). 
I 
III II 
IV 
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We follow the same procedure as in section 1.3.2 to find the faradaic efficiency of 
this reverse-then-forward bias procedure as follows: 
Integration of positive CO2 response curve (Figure 1.15) with respect to time: 
 
 
(1.20)  
Nitrogen flow (FN2) using PV = nRT with P = 1 atm, V = 3.40 mL, and T = 298 K): 
 
 
(1.21)  
The number of moles detected by the CO2 sensor, using (1.18) and (1.21), are 1.07 × 10-8 
moles. The charge Q needed to produce this sensed CO2 is 0.103 C. The charge reported 
by the potentiostat during the potential hold interval (between 4.00 hrs and 5.75 hrs) is 
0.6251 C. This gives a faradaic efficiency of 16.6 percent. This is a considerable 
improvement from the single forward bias method. This method does not allow the faradaic 
efficiency to decay excessively over time and shows great cyclability, see Figure 1.16. 
Additional systems not depicted in this work reached faradaic efficiencies of up to 30 
percent, showing that the above efficiency was just the beginning of a characterization 
process for better membrane composition. 
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Figure 1.16 Ten cycles of reverse followed by forward bias potential holds. The reverse 
bias cycle duration starts at 1200 seconds and increases by 1000 seconds on each 
subsequent reverse bias hold. Forward bias holds start at 900 seconds and are increased by 
600 seconds on each subsequent forward bias hold. 
1.3.4 Dual Loop Flow Cell System 
An active flow system has a direct impact on improving solution conductivity and 
gas delivery rates. The system described in section 1.2 has the potential to address various 
limitation observed in the membrane system where benzyl disulfide seemed to have very 
limiting diffusivity and where gas delivery across the membrane was a time consuming 
process. Figure 1.17 shows an electrochemical impedance spectroscopy (EIS) analysis with 
its respective Nyquist Plot comparing the impedance observed in the original flow cell 
design and the 2nd generation (see Figure 1.7). It was tested using an tetraoctylphosphonium 
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bis(trifluoromethane)sulfonimide (P8888 TfSI ) ionic liquid with 91 mM benzyl disulfide 
and 182 mM tetraoctylphosphonium benzylthiocarbonate (P8888 BnSCO2). The 2nd 
generation featured a more efficient flow delivery system, modified geometry to bring the 
electrodes only two millimeters apart, and the use of a stronger, more temperature and 
chemically resistant PEEK body. The flow rate used in this experiment was 2.1 ± 0.1 
mL/min with argon being injected in the inverse sparger at a rate of 8.1 ± 0.4 mL/min. The 
combination of uncompensated and polarization resistance (Ru + Rp) in the original design 
was around 27 kΩ. Note that the temperature used was 47 °C. In contrast, the improved 
design showed 8 kΩ at room temperature and less than 3 kΩ when the fluid was heated to 
40 °C. The cell geometric modifications considerably reduced impedance loses. A linear 
sweep voltammetry (Figure 1.18) confirms these findings and reports a current increase 
from 75 μA to 540 μA, almost an 8-fold increase in current at -8 V. 
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Figure 1.17 Electrochemical Impedance Spectroscopy of P8888 TfSI, 91 mM benzyl 
disulfide and 182 mM P8888 BnSCO2 system in original (black) and 2nd generation (red and 
blue) flow cell designs. 2nd generation flow cell also shows impedance temperature 
dependence. Cell constant is 0.6963 cm-1. 
Original Cell 
47 °C 
2
nd
 Gen. at 24 °C 
40 °C 
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Figure 1.18 Room temperature linear sweep voltammetry of P8888 TfSI, 91 mM benzyl 
disulfide and 182 mM P8888 BnSCO2 system in original (red) and 2nd generation (blue) flow 
cell designs. Scan rate: 5 mV/s. 
1.3.4.1  Advantages and Preliminary Results 
The advantages of an improved flow cell geometry allow the use of smaller 
potentials due to decreased impedance. Previous testing in the first generation flow cell 
designed had impedances large enough to prevent use of conventional potentiostats with a 
potential limit of 10 V. The revised second generation testing flow cell forms part of a gas 
injection and extraction system which bubbles into and out of an electrolyte in different 
sparger chambers, respectively. To further improve efficiency, the systems has reticulated 
vitreous carbon or carbon fiber composite as electrodes which are connected to a 
potentiostat by platinum wires. Figure 1.19 shows 20-minute potential hold experiments 
with a CO2 saturated solution and  electroactive species 4-chloro disulfide (150 mM), 
Original Cell  @ 24°C 
2
nd
 Gen. Cell @ 24°C 
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Tetraoctly Phosphonium 4-chloro thiocarbonate (300 mM), in  18 mL Tetraoctyl 
Phosphonium TfSI. 
 
Figure 1.19 Carbon dioxide response to 20-min potential holds denoted by blue rectangles. 
2nd generation flow cell system. Electrode area is 0.71 cm2. Electrolyte temperature: 30 °C. 
The CO2 response graph (Figure 1.19) shows influence of an applied potential hold 
in 4-chloro thiocarbonate analyte. Upon blowing over the electrolyte with CO2 at a rate of 
0.30 mL/min with CO2 and bubbling with 8.2 mL/min Ar gas, a baseline CO2 condition is 
obtained and is equal to ~7000ppm. This condition is held until the CO2 response remains 
as relaxed as possible. After this is achieved, potential holds of 20 min each start. In the 
graph, blue boxes represent potential holds. 
Upon applying 1.5 V and 2V at 3.9 min. and 24.9 min. respectively, no significant 
response is observed. However, a 2.5 V hold starting at 48.4 min. appears to produce a 
relatively faint rise in CO2 of ~400ppm. The CO2 response was let return to the original 
1.5 V 2 V 2.5 V 3 V 
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baseline level of ~7000ppm. After the CO2 response returned to its original steady state 
value of ~7000 ppm a 3.0 V hold for 20 min is started. This caused a rise of CO2 
concentration of up to 500 ppm .  
It is likely that the CO2 response takes longer to return to its baseline value because 
of a limited extraction efficiency of the dispersion tube in the inverse sparger. The inverse 
sparger at the exit gas side had a low flow, of 8.2 mL/min argon gas, so CO2 might complete 
several circuits around the system until it is fully extracted by the inverse sparger. IL flows 
at a rate of around 3.5 mL/min (1/2 this value flows through each electrode), so it follows 
that a complete circuit would take around 4 minutes. Figure 1.20 shows the corresponding 
current profiles belonging to each potential applied above. The curves appear very smooth 
due to a low electrolyte flow rate through the electrodes (3.5 mL/min divided by two). The 
CO2 response associated with potentials above 2.5 V appears to oxidize sufficient 
thiocarbonate species to liberate detectable levels of CO2. 
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Figure 1.20 Current profile of the 20-min potential holds. Currents associated with E ≥ 2.5 
V appear to release enough CO2 to be detected by the sensor. 
 An alternative method of representing Figure 1.19 comprises expressing carbon 
dioxide concentration responses in terms of charge passed during each potential hold 
instead of versus time. Figure 1.21 shows such representation where it is evident that the 
amount of charge becomes significant for potentials larger or equal than 2.5 volts and 
translates into CO2 release as detected by a sensor. For potentials lower than 2.5 volts any 
residual response observed in Figure 1.19 collapses into a smaller range due to the few 
charges passed during such potential holds. 
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Figure 1.21 Alternative representation of carbon dioxide response versus charge during 20-
minute holds instead of time (see Figure 1.19). Charge values in the abscissa correspond 
to each potential hold experiment and not the overall experiment. Black, red, blue and 
magenta curves represent potential holds of 1.5 V, 2.0 V, 2.5 V, and 3.0 V, respectively.  
1.3.4.2 Dual Loop Flow Cell System Characterization 
The dual loop flow system arrangement offers the ability to overcome mass transfer 
limitations observed in static arrangements such as those presented in the membrane cell 
of section 1.3.2. In comparison, this flow system behaves in a way similar to that of rotating 
disk electrode (RDE) systems. In such arrangements the mass transport on the electrode is 
actively controlled by the disk rotation, directly influencing analyte flux feed at its 
surface17. This process is therefore not just governed by diffusion. A flow system provides 
analyte flux through the electrodes, therefore, replenishing any diffusion deficient 
mechanism such as the benzyl disulfide diffusion. The rotation rate (for a RDE system), or 
the liquid flow speed (in the case of a flow cell) can be overwhelmed by high currents, in 
which case currents level out and may decrease if the rate of redox processes are faster than 
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those of the flux provided to the electrodes. This sections aims to present the results of a 
characterization of this processes in the flow cell system described in section 1.2. 
Table 1.4 Experiment design matrix for flow cell characterization. Electrode area: 0.713 
cm2; distance between electrodes: 2.79 mm. Room temperature. 
   Flowc 
Concentrationd 
8 mL/min 12 mL/min 16 mL/min 
0.3× A B C 
0.6× D E F 
1.0× G H I 
Notes: c Flow passing through anode or cathode. Total feed flow is 2× this value. d Original 
concentration of species is 100 mM 4-chloro benzyldisulfide, 200 mM tetrabutyl 
phosphonium 4-chloro benzylthiocarbonate in Tributyloctyl Phosphonium TfSI. 
 Table 1.4 outlines the experimental design to characterize the effects of flow 
variation and concentration on the flow cell current performance. The main interest is to 
determine if this flow cell reaches the mass delivery limitation to the electrodes at high 
voltages. Another important metric to assess is the iR drop and its dependence to flow rate 
and concentration. 
 Linear potential sweeps offer a direct relationship between the effects of potential 
increase on current. Figure 1.22 shows the results of all the potential sweeps proposed in 
Table 1.4. The curves show only small differences upon varying flow rate and analyte 
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concentration. This small difference does not allow clear analysis of the data as the curves 
overlap on one another. 
 
Figure 1.22 Cumulative linear potential sweeps of experiments summarized in Table 1.4. 
Potential rage zero to eight volts and a scan rate of 25 mV/s. 
  The last three volts of Figure 1.22 are plotted in Figure 1.23. As expected, curves 
A, B and C, representing the lowest concentration of analytes at three different flowrates 
show the lowest currents in comparison to higher concentrations. In contrast, higher 
concentrations (G, H and I) showcase higher currents. Curves D, E, and F lie in the middle. 
Turn on potentials for thiocarbonate oxidation and disulfide reduction follow the same 
expected behavior: higher concentrations and faster flow rates result in earlier turn on 
potentials. 
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Figure 1.23 Amplified view of linear potential sweeps presented in Figure 1.22. Selected 
potential interval from six to eight volts at 25 mV/s scan rate. 
 In the following series of linear sweep voltammetry plots each flow rate is 
compared to the same concentration in their respective series. For example, Figure 1.24a 
illustrates experiments A, B and C, all with a concentration of 0.3× that of the original 
solution. The original solution contained 100 mM of the disulfide species and 200 mM of 
the thiocarbonate analyte. Therefore, Figure 1.24a compares A, B and C when the flow is 
increased from 8 mL/min, to 12 mL/min and a finally to a maximum of 16 mL/min with 
30 mM chloro-disulfide and 60 mM chloro-thiocarbonate. Figure 1.24b shows flow effects 
for concentrations of 60 mM chloro-disulfide and 120 mM chloro-thiocarbonate and Figure 
1.24c flow effects for concentrations of 100 mM chloro-disulfide and 200 mM chloro-
thiocarbonate. 
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a) 
 
 
b) 
 
c)
 
Figure 1.24 Linear sweep voltammetry experiments with varying fluid flow rates (8, 12 
and 16 mL/min) for a fixed concentration of a) 0.3×, b) 0.6× and c) 1.0× of the original 
100 mM chloro-disulfide and 200 mM chloro-thiocarbonate species. See Table 1.4 for 
details. 
  43 
 In all three cases portrayed in Figure 1.24 flow effects and their influence on current 
behave as expected: higher flows result in an increased mass flux through the electrodes 
which in turn is reflected in slightly higher currents. Careful analysis of these last linear 
sweeps shows evidence of disulfide and thiolate redox. They can be seen in all three graphs 
in the form of a shoulder around the 4-volt mark which represent the distance between the 
anodic and cathodic peaks in a cyclic voltammogram. The next three graphs (Figure 1.25 
to Figure 1.27) take the derivative of the current versus the potential in order to show 
detailed features not obvious from the previous linear sweeps. The derivative graphs have 
been subjected to 12-pt data averaging smoothing due to high noise introduced by 
palpitation of peristaltic pump while moving fluid and the nature of differentiation. 
 
Figure 1.25 Derivative of the current versus applied potential of curves A (8 mL/min), B 
(12 mL/min) and C (16 mL/min) at a constant concentration: 30 mM chloro benzyldisulfide 
and 60 mM chloro benzyl thiocarbonate. 
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 Figure 1.25 through Figure 1.27 bring grand detail to an otherwise faint response 
as seen from the linear sweep voltammetries. It is now clear the turn on potential for the 
main redox reactions (disulfide reduction and thiocarbonate oxidation), or rather the 
difference between their potentials when they turn on. This value is around 1.0 volts. The 
difference between the anodic and cathodic peak reactions seems to occur around 2.9 volts. 
It is important to mention that the potentials estimates reported above have taken into 
account the cell resistance—iR term has been subtracted from applied potential to obtain 
the effective potential. The effect of subtracting an iR term that grows in proportion to the 
current has the effect of compressing the abscissa at higher potentials. No compensation 
shows more details at the higher potential portions of the graph, current derivatives versus 
an uncompensated x-axis pots are included in appendix C. An extensive discussion on iR 
compensation is considered in the next section (section 1.3.4.3). 
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Figure 1.26 Derivative of the current versus applied potential of curves D (8 mL/min), E 
(12 mL/min) and F (16 mL/min) at a constant concentration: 60 mM chloro benzyldisulfide 
and 120 mM chloro benzyl thiocarbonate. 
 The small difference observed in the curves of Figure 1.25 through Figure 1.27  
shows a small current dependence on fluid flowrate. The curves overlap, thus showing 
minute differences in very specific areas while in the majority of their range they remain 
similar. This is addressed in Figure 1.28 through Figure 1.30 where changes in current 
profiles are analyzed against different concentrations at constant fluid flow rate. 
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Figure 1.27 Derivative of the current versus applied potential of curves G (8 mL/min), H 
(12 mL/min) and I (16 mL/min) at a constant concentration: 100 mM chloro 
benzyldisulfide and 200 mM chloro benzyl thiocarbonate. 
 Figure 1.28 through Figure 1.30 show that the concentration of analytes has a more 
pronounced effect in the linear sweep profile than a flow rate variation. In Figure 1.28, 
curves A, D and G represent runs at the same flowrate, 8 mL/min per electrode and 
concentration variations of 0.3×, 0.6× and 1× of the original concentrations, respectively. 
It is clear that curve G shows an early turn on potential as well as a higher rate of current 
increase. This is expected as the concentration of species is the highest of the three and the 
process is not kinetically limited. A and D are very close to one another but a small, 
expected rate of current increase can be attributed to curve D. Consistent with our 
observations so far, Figure 1.29 and Figure 1.30 behave in the same way. For example, 
curves H and I, representing the runs with the 1× analyte concentrations feature higher 
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currents rate increases at 12 mL/min and 16 mL/min, respectively. B and C feature the 
lowest currents rate increases from their respective groups while E and F fall in between. 
 
Figure 1.28 Derivative of the current versus applied potential of curves A (0.3× conc.), D 
(0.6× conc.) and G (1× conc.) at constant fluid flow rate: 8 mL/min per electrode.  
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Figure 1.29 Derivative of the current versus applied potential of curves B (0.3× conc.), E 
(0.6× conc.) and H (1× conc.) at a constant fluid flow rate: 12 mL/min per electrode. 
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Figure 1.30 Derivative of the current versus applied potential of curves C (0.3× conc.), F 
(0.6× conc.) and I (1× conc.) at a constant fluid flow rate: 16 mL/min per electrode. 
1.3.4.3 iR Compensation details 
Electrochemical cells have inherent resistance losses originating from their 
geometry, electrode materials, physical and chemical aspects of its electrolyte and analytes, 
etc. A flow cell is included in this category and has an iR drop term based mainly on the 
non-negligent electrode separation, fluid viscosity and analyte concentrations. In section 
1.3.4.5 and afterward it was noted that applied potentials needed to be compensated for iR 
loses (sum of uncompensated and polarization resistance times current). Table 1.5 reports 
the cell resistance as measured by EIS with a potential amplitude of 100 mV. The 
measurements were performed before and after each experiment listed in Table 1.4. 
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Table 1.5 Uncompensated and polarization resistance of experiments listed in Table 1.4. 
Concentrations relative to original included for reference. Experiments carried at room 
temperature. 
Experiment  Concentration⃰ (vs. original)  Resistance (kΩ) 
A  0.3×  3.20 
B  0.3×  3.20 
C  0.3×  3.20 
D  0.6×  3.20 
E  0.6×  3.18 
F  0.6×  3.10 
G  1.0×  2.95 
H  1.0×  2.95 
I  1.0×  2.8 
Notes: ⃰versus original concentration of 100 mM disulfide and 200 mM thiocarbonate. 
 The product of the above resistances with the current corresponding to their 
respective linear sweeps can be used to determine the value of iR and subtract from the 
applied potential. The resultant is the effective potential. The detailed calculation is shown 
in section 1.3.4.5, equation (1.22). 
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a) 
 
 
b)
 
c) 
 
Figure 1.31 Linear sweep voltammetry experiments with varying electrolyte flow rates (8, 
12 and 16 mL/min)  for a fixed concentration of a) 0.3×, b) 0.6× and c) 1.0× of the original 
100 mM chloro-disulfide and 200 mM chloro-thiocarbonate species. See Table 1.4 for 
details. 
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 Determining the effective potentials for all the experiments allows for direct 
determination of turn on potential and anodic to cathodic peak potential difference. For 
example, all the graphs from Figure 1.31 have a turn on potential around 2 volts with a 
potential difference between their anodic and cathodic potential peaks around 3 volts. It is 
also important to note how steep the curves became, showing that iR drop becomes quite 
large for large potentials. If cell iR drop was completely minimized or compensated, a 100 
mV increase around 4 volts (see Figure 1.31) translates into a 400 mA increase. 
Additionally, as discussed before, higher concentrations of redox species translates in 
higher currents. Once again, these observations demonstrate the system is not limited by 
mass transport when the flow rate is changed from the minimum possible, 8 mL/min, to a 
maximum value of 16 mL/min. Finally, it is evident in the above figure that although high 
applied potentials are generated by the potentiostat, the effective potential sensed by the 
electrodes is not enough to start electrolyte break down (i.e. whose threshold is 5 V 
effective potential for initial break down). 
1.3.4.4 Ionic Liquid Characterization 
The previous section characterized the design, performance and issues of the dual 
loop flow cell. Additionally, preliminary results showed a faint CO2 capture and release 
responses during the application of a potential hold. Before continuing with replicate runs 
it is necessary now to characterize the electrolyte. The aim of this section is to present 
results on the physical as well as electrochemical aspects of the solvent: an ionic liquid. 
Specifically, factors affecting electrolyte resistivities are of interest; these mainly include 
temperature and viscosity. As described in section 1.2, a viscometer measuring laminar 
shear was used to determine viscosity, and a circulating heating bath to control the system’s 
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temperature. The fluid resistance was calculated inside the flow cell where its geometry 
defines the parameters to obtain resistivity estimates at different temperatures. EIS with an 
applied potential amplitude not exceeding 100 mV was used and the resistance values were 
extracted from the corresponding Nyquist Plot. 
 Three types of ionic liquid were used in flow cell experiments: Tetraoctyl 
phosphonium bis(trifluoromethylsulfonyl)imide (P8888 TfSI), Tributyl(octyl)phosphonium 
bis(trifluoromethylsulfonyl)imide (P4448 TfSI) and Butyltrimethyl ammonium 
bis(trifluoromethylsulfonyl)imide (BuMe3N TfSI). Table 1.6 shows a 2D skeletal 
representation of the ionic liquid cations as well as the TfSI anion which is common to all 
three cations. 
Table 1.6 Name and chemical structure of ionic liquids used in this investigation. 
Name (abbrev.) Chemical Structure 
P8888 TfSI 
P+
CH3
CH3
CH3
CH3  
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P4448 TfSI P+
CH3
CH3
CH3
CH3
 
BuMe3N TfSI 
CH3
CH3
N+
CH3
CH3
 
TfSI 
N- S
S
O
O
O
O
F
F
F
F
F
F  
 
 The following passages present 3D plots of the relationship between viscosity (η), 
temperature and resistivity (ρ) in the aforementioned ionic liquid systems. These plots are 
accompanied by regular 2D plots of viscosity and resistivity in order to assess data 
consistency and accuracy. Figure 1.32 shows the relationship between resistivity, 
temperature and viscosity for the P8888 TfSI ionic liquid. As the structure with the larger 
cation radius a high viscosity is expected. The viscosity at room temperature is around 350 
centipoise (cP), or similarly 350 mPa-s. This is a relatively high viscosity for an electrolyte 
in a flowing system; surpassing by a factor of two the viscosity of most common 
mechanical oils. 
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Figure 1.32 3D plot of Resistivity, temperature and viscosity for P8888 TfSI. Water content 
< 5ppm. 
 
Figure 1.33 Viscosity versus resistivity for P8888 TfSI. 
η = -12.3 + 3.05ρ 
R2: 0.997 
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Figure 1.34 3D plot of Resistivity, temperature and viscosity for P4448 TfSI. Water content 
< 5ppm. 
 
Figure 1.35 Viscosity versus resistivity for P4448 TfSI. 
η = -3.54 + 8.15ρ 
R2: 0.999 
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Figure 1.36 3D plot of Resistivity, temperature and viscosity for BuMe3N TfSI. Water 
content < 1ppm. 
 
Figure 1.37 Viscosity versus resistivity for BuMe3N TfSI. 
η = -11.9 + 24.6ρ 
R2: 0.9999 
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 Figure 1.33 shows a linear relationship between viscosity and resistivity. This is a 
very useful result for the purpose of comparing how close the collected data is with respect 
to a regression line. In this case, the R-squared value is 0.997. The level of precision in this 
measurement is remarkable considering that the measurement of viscosity and resistivity 
took place in different set ups and at different times. As mentioned before, this points out 
to a great degree of data collection accuracy from a practical and statistical stand points. 
Figure 1.34 shows the same 3D representation for P4448 TfSI, the smaller cation sized 
species. As expected viscosity is lower than its bulkier tetraoctyl counterpart. However, an 
interesting phenomena is observed. P8888 TfSI seems to have a more pronounced decaying 
viscosity per unit temperature than P4448 TfSI. This points to a direct link between more 
available degrees of freedom in longer chained phosphonium species and its faster 
viscosity drop versus a smaller counterpart.18 A plot of the viscosity against temperature of 
the two phosphonium systems is presented in Figure 1.38 where this effect is much more 
noticeable. This phenomena is further explained at the end of the discussion section 
(section 1.4). Figure 1.35 shows an even better linear fit for the P4448 TfSI viscosity linear 
relationship with resistivity. Its R-squared value is an impressive 0.999. As expected the 
lower viscosity shows a large decrease in resistivity. 
 Viscosity and impedance measurements of BuMe3N TfSI proved to be extremely 
challenging as the ionic liquid water content was crucial to obtain reliable data. BuMe3N 
TfSI readily absorbed moisture during sample transfer processes necessary for viscosity 
measurements. Its low viscosity coupled with its hygroscopicity made necessary the use of 
a special hermetically sealed syringe for sample loading into the viscometer. Additionally, 
even minute levels (around 50 ppm) of water affected the stability of the viscosity and 
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impedance measurements. A rigorous plan of action to avoid moisture and bubble 
formation during sample transfer was followed and resulted in Figure 1.36. At the end, this 
sample resulted in the most accurate measurement the operator has gathered. The water 
content remained less than 1ppm as measured in a Karl Fisher instrument. BuMe3N TfSI 
features the lowest viscosity and resistivity of all three ionic liquids, which can be deduced 
from its smallest cation size in relative to that of the two phosphonium cations. Figure 1.37 
is evidence of the meticulous sample treatment procedure followed. The R-squared value 
is a remarkable 0.9999. This sample resistivity is more in line with typical electrolytes but 
this same advantage can also explain its less than ideal chemical resistance to thiolate 
species. 
  
Figure 1.38 Viscosity comparison between P8888 and P4448 TfSI versus temperature. 
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1.3.4.5  Special Considerations and Replicates 
The CO2 responses observed in Figure 1.19 must be analyzed with caution. Even 
though a response of 400 ppm CO2 appears significant, the sensor accuracy is 5% of the 
full scale (1% carbon dioxide in a gas stream). The signal-to-noise ratio is therefore 
significant and with a background baseline of 7000 ppm, noise levels up to 350 ppm are 
expected. In addition, the variable area flowmeters used in this investigation also have an 
accuracy of 5% of their full scale. In order to verify the validity of our observations it 
became imperative to run replicates of this experiment. Thiocarbonate instability coupled 
with ionic liquid involved synthesis and purification allowed a maximum of two more runs. 
The results of these replicates appear in Figure 1.39. 
 
Figure 1.39 Carbon dioxide response to 20-min potential holds denoted by red rectangles. 
Length of rectangle proportional to hold time in 2nd generation flow cell system. Electrode 
area is 0.71 cm2. System at room temperature.  
3.5 V 
4 V 
5 V 
5 V 5 V 6 V 
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 Potentials above three volts appeared to produce a noticeable carbon dioxide 
response in Figure 1.19. Therefore, potentials above this value were used in Figure 1.39. 
The composition and concentrations of the solution were identical to that used in the 
previous experiment: 4-chloro benzyldisulfide (150 mM), Tetraoctly Phosphonium 4-
chloro benzylthiocarbonate (300 mM), in 18 mL Tetraoctyl Phosphonium TfSI. It is 
important to notice the time scale of the measurement. In this current flow cell system, 
active monitoring of the gas delivery flowmeters, glovebox pressure, and ionic liquid 
balanced level at the spargers had to be monitored actively. The test result is a profile that 
show small responses to potential holds at best. The first three holds (i.e. 3.5 V, 4 V and 5 
V) appear to produce an approximate CO2 concentration increase of around 300 ppm. A 
second 5 V hold, though, does not cause CO2 levels to increase in the same timeframe than 
that observed earlier. It is not until six hours after the potential hold that an approximate 
300 ppm increase is observed. The carbon dioxide concentration appears unaffected upon 
subsequent 5 V and 6 V holds. As noted in the previous carbon dioxide response profile 
(Figure 1.19), the fluctuations appear to be behaving independently from potential holds. 
They may be responses to long term temperature fluctuation in the room or the product of 
physicochemical changes in the solution caused by decomposition side reactions preferred 
over the proposed thiocarbonate/benzyl disulfide redox couple. 
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Figure 1.40 Electrochemical Impedance Spectroscopy of the 2nd generation flow cell 
system. Feed stream at 16 mL/min split between anode and cathode at 8 mL/min each. 
Concentrations of species identical to the aforementioned: 4-chloro benzyldisulfide (150 
mM), Tetraoctly Phosphonium 4-chloro benzylthiocarbonate (300 mM), in 18 mL 
Tetraoctyl Phosphonium TfSI. Potential amplitude: 100 mV. Sum of uncompensated and 
polarization resistance total around 4.5 kΩ (extrapolation of second semicircle intersect 
with real Z’ axis). 
 The higher voltages used in Figure 1.39 result from compensation of the iR losses 
realized during electrochemical impedance spectroscopy measurements such as the one 
shown in Figure 1.40. This figure shows a cell resistance of approximately 4.5 kΩ. 
Consequently, a 3.5 V applied hold results in an effective potential hold of: 
 
 
(1.22) 
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Additionally, a linear sweep voltammetry measurement was taken to anticipate any ionic 
liquid break down at these high voltages (Figure 1.42). No degradation was found. Similar 
calculations as those in equation (1.22) can be obtained for the other potentials as long as 
we have their respective steady-state currents. Currents associated with all the potential 
holds portrayed in Figure 1.39 are shown in the following chronoamperogram (Figure 
1.41). Additionally, currents versus applied voltage is shown in the linear sweep 
voltammogram of Figure 1.42. 
 
Figure 1.41 Chronoamperogram of potential holds shown in Figure 1.39. Note the 
superposition of three curves for the 5-volt potential holds. 
 It is possible to calculate the iR contribution such as in (1.2) but for all points in a 
potential range of interest. A test to monitor the currents produced as a function of voltage 
(such as a small scan rate linear sweep voltammetry) provides the necessary information 
to generate a relationship between the applied potential—as set in the potentiostat—versus 
3.5 V 
4 V 
5 V 
6 V 
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the effective potential, as sensed by the cell after subtracting iR losses. Appendix B outlines 
the general procedure of generating this information and representing it in a graph. 
 
Figure 1.42 Room temperature linear sweep voltammetry of P8888 TfSI, 150 mM 4-chloro 
bennzyldisulfide and 300 mM P8888 BnSCO2 system in the 2nd generation flow cell design. 
Scan rate: 25 mV/s. 
 The second replicate of an extended carbon dioxide response during potential holds 
is shown in Figure 1.43. The carbon dioxide response is nonexistent and a faint response 
does not represent the expected release of CO2 based on the currents observed in Figure 
1.44. Moreover, a quick Faraday’s law calculation of the expected CO2 gas generated at, 
say, 200 μA in a diluted stream of argon gives 280 ppm. This linear relationship between 
mass of products versus current is portrayed in Figure 1.45. 200 μA is slightly above the 
noise range of the CO2 sensor but higher currents observed at higher potentials should 
produce strong CO2 responses, as shown in Figure 1.45. Such responses are absent in the 
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three CO2 concentration profiles. As an example, currents around 800 μA should generate 
a CO2 response larger than 1000 ppm. Larger currents are observed in Figure 1.44 at 40 
°C, unfortunately no conclusive CO2 response is observed in any of the profiles. 
 
Figure 1.43 Carbon dioxide response to 20-min potential holds denoted by red rectangles. 
Length of rectangles proportional to hold time in 2nd generation flow cell system. 
Electrode area is 0.71 cm2. System at 40 °C. 
 The experiment described in Figure 1.43 has a similar duration as the first replicate. 
Proactive and fined-tuned control of gas flows and fluid peristaltic movement permitted 
little fluctuations, so it is very likely that the fluctuation seen around 16 hours is dependent 
on external factors. The previous assessment of no clear correlation between potential holds 
and carbon dioxide responses reinforces this explanation. Moreover, the fluctuations occur 
at the end of the working day, so external factors outside the glove box system may include 
temperature fluctuations, pressure fluctuations due to all doors getting closed at the end of 
the day, etc. 
2.8 V (2.5 V) 
4.2 V (3 V) 
4.2 V (3 V) 
6 V (3.5 V) 
8 V (4.1 V) 
2.5 mL/min 
CO2 excess 
Effective potential in parenthesis 
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Figure 1.44 Chronoamperogram of potential holds shown in Figure 1.43. Note the 
superposition of two curves for the 4.2-volt potential holds. The effective potentials after 
iR subtraction are represented in parenthesis. 
 It is important to note the small iR contribution at lower potentials, and in turn 
lower currents. Conversely, as Figure 1.44 shows, the use of larger applied potentials 
translates in little effective potentials due to a larger iR term. Specifically, an 8-volt applied 
potential may appear to be high enough to start ionic liquid break down; break down occurs 
above 5 V.19 But, even at forty degrees Celsius the resistance is high enough to cause a 
large iR term translating into a mere effective potential of 4.1 volts. This potential cannot 
start ionic liquid break down and further increase in applied potential translates in just a 
marginal increase in the effective potential. 
2.8 V (2.5 V) 
4.2 V (3 V) 
6 V (3.5 V) 
8 V (4.1 V) 
Effective potential in parenthesis 
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Figure 1.45 Faraday’s first law of electrolysis for carbon dioxide concentration in an argon 
stream. 10 mL/min diluting argon stream at 1 atmosphere and room temperature. 
1.4 Discussion 
We have presented experimental results showing the reversible process of benzyl 
disulfide reduction into thiolate which immediately converts to thiocarbonate upon 
exposure to carbon dioxide. This system is characterized by the high nuclephilicity of 
thiolate and low diffusivity of benzyl disulfide in polymeric membranes. Developing a 
testing design and procedure are key elements to exploit the usefulness of this reversible 
process for carbon dioxide capture. Once this was established, interesting surface 
phenomena arose. Benzyl disulfide can be reduced on a polymeric surface into thiolate and 
eventually form thiocarbonate. Oxidation of the same surface circumvented the diffusion 
problem and opened the door to an interesting conclusion; carbon dioxide capture can occur 
in steps of surface film saturation if the kinetics of disulfide diffusion prove to be a limiting 
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factor. Bulk mass of the membrane becomes irrelevant and very thin films can form part 
of a rotary testing system that maximizes surface exposure to CO2. Another strategy is that 
of changing the testing media altogether. Such route concluded in the design of a flow cell 
strategy. The main challenges observed during preliminary flow cell testing were those of 
carefully controlling flow rates of both the gases and the electrolyte. Minute fluctuations, 
given the nature of CO2 capture relying on Henry’s law gas extraction form a saturated 
electrolyte can pose challenges for repeatability of results and excessive noise during 
detection. Overall, a flowing electrolyte shows promising performance when a proper gas 
and electrolyte flow rate permit detectable extraction of carbon dioxide at the inverse 
sparger. 
 For both, the membrane and flow cell testing system careful observations of any 
carbon dioxide produced followed any potential application. In all the carbon dioxide 
profiles this was our uttermost important goal in order to obtain a Faradaic efficiency from 
the total charge spent versus the amount of carbon dioxide produced. This metric was of 
direct interest to the funding agency of this research project. Additionally, fluid rates, 
impedance measurements during static and dynamic flow, coloration changes and material 
deterioration provided input for the synthesis of thiolate modifications and electrolyte 
structure. Thiolate structures were modified accordingly and different ionic systems such 
as P8888 TfSI, P4448 TfSI and BuMe3N TfSI. In a sense, the objectives of the testing design 
satisfied not only carbon dioxide capture and release metrics but also provided a framework 
for material and chemical selection. 
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 A concluding effort comprised proper re-design of an ultra-clean experiment 
arrangement with constant user monitoring for several hours. Potential holds returned 
currents in excess of 2 milliamperes which translates through Faraday’s law of electrolysis 
to CO2 signal response of no less than 3000 ppm. A maximum carbon dioxide 
concentration of 400 ppm was detected by a CO2 sensor. Replicates confirmed this null 
result of CO2 generation pointing to limitation in the sparging efficiency of CO2 from the 
ionic liquid and thiolate reactivity. An even stricter protocol to actively control precise gas 
flow distribution and fluid flow balance resulted in remarkable long term experiments 
showing a null CO2 generation result. Again, two immediate scenarios are possible. One, 
carbon monoxide extraction is very inefficient with the current sparging system. However, 
Faraday’s law calculations revealed that based on observed currents (in excess of 2 mA), 
great amounts of CO2 should be produced and liberated by laws governed by Henry’s law 
of gas solubility in liquids, so this scenario is less likely. Two, the thiocarbonate system 
main path of carbon dioxide capture has competing reactions that impede proper capture 
and release. 
Discoloration of the electrolyte, several sparger and volume distribution geometries, 
and especially excess carbon dioxide produced when previously mixed thiocarbonate was 
added to a carbon dioxide free system, supports the chemical decomposition model. The 
carbon dioxide detection profile in Figure 1.39 and Figure 1.43 shows very high levels of 
carbon dioxide at the beginning to the experiment until the system stabilizes. This suggests 
that carbon dioxide does not bind very well with the nucleophilic thiolate. While side 
reaction may also compete to bind with thiolate and affect the Faradaic efficiency, the 
cleanliness of the system—inert components in a controlled glove box environment—
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guaranteed a minimized side-reaction effect. In this context, discoloration has only been 
attributed to thiolate attacking components already found in the electrolyte, such as other 
thiolates, and ionic liquid cations. The following mechanism exemplifies the effect of 
thiocarbonate spontaneous CO2 release: 
 
R
S-
O
O-S
R
+ CO2
 
(1.23) 
Note that this CO2 release mechanism happens under conditions of open circuit 
potential and was expected to favor carbon dioxide adduct formation under standard 
conditions. The R radical modulates how electron withdrawing or electron donating the 
thiolate is by means of the S-C bond strength. Observation in the result section suggest 
equation (1.23) with several radicals favored an electron withdrawing behavior. The 
reaction then, strongly favors release of carbon dioxide. Direct consequences include poor 
thiocarbonate shelf life when CO2 was extracted by the inverse sparger and an observed 
decent shelf life when it was stored in a sealed container. Both cases agreeing with 
observations made during testing and storing thiocabronate. Further impeding proper 
carbon dioxide capture and release is the generation of highly reactive thiolate species. 
Thiolate, in this regard, can participate in decomposition reactions, attack the electrolyte, 
attack other thiolate molecules, and potentially contaminate the carbon electrodes. It 
follows that low Faradaic efficiencies are only a logical conclusion of poor carbon dioxide 
capture in this model. And in fact, we expect potential holds to cycle between thiolate 
reduction into benzyl disulfide and disulfide reduction into thiocarbonate without the 
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participation of carbon dioxide molecules. On a broader perspective, this explanation 
describes significant sensitivity of the chemistry to testing conditions, as thiolate would 
readily react with impurities and other species. Therefore, harsh conditions encountered in 
flue gas exhausts would require more robust chemistries is in order to selectively capture 
CO2 before destructively reacting with moisture, oxygen, NOx, SO2, and others species. 
On the mechanical aspect, however, the flow cell assembly was able to deliver 
constant fluid flows and a proper characterization of the currents associated with thiolate 
oxidation along with benzyl disulfide reduction. Results outlining detailed estimates of 
redox species turn on potentials and peak anodic and cathodic peak potential difference 
reflected a testing system that can circumvent diffusion limitations by actively replenishing 
the electrodes with a flux of analytes. A consequence of this feature is that linear sweeps 
showed little dependence to changes in flow rate and concentration. Benzyl disulfide 
concentrations of 30 mM, 60 mM and 100 mM were used as well as changes in flow rate 
of, 8, 12 and 16 milliliters per minute. Thiocarbonate species had twice the above 
concentrations based on their stoichiometry. All other factors held equal, slight current 
increases were observed for faster flow rates. Similarly, more noticeable current increases 
were observed for higher concentrations of disulfide and thiolate species. 
The source of resistance, as observed in EIS experiments through Nyquist plots is 
dictated by the ionic liquid resistivity. However, cell geometry dictates the magnitude of 
iR since the separation between anode and cathode electrodes is 2.79 mm which contribute 
to the iR term by virtue of more fluid occupying the distance between the electrodes. Ionic 
liquid in the system had a resistivity in excess of 120 Ω-m in the case of P8888 TfSI at room 
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temperature. Therefore, when assembled, the flow cell showed a resistance around 4.5 kΩ. 
Thus, iR subtraction became a necessity for ionic liquids showing high resistance in their 
respective Nyquist plots. 
Additional effects that contributed to the dynamics of flow cell operation included the 
viscosity and temperature. A careful study on the viscosity, temperature, resistance 
dependence was necessary to understand the behavior of the neat ionic liquid. Important 
elements arose from this analysis. The viscosity of the bulkier P8888 TfSI ionic liquid was, 
as expected, larger than that of P4448 TfSI and BuMe3N TfSI. For example, at room 
temperature P8888 TfSI shows a viscosity 100 mPa-s larger than of the P4448 system. Also, 
as predicted, η decreases markedly as temperature increases; about half as much in the first 
10-degree increase in fact. However, it is interesting to observe that the rate at which η 
decreased was faster in the bulkier P8888 TfSI system. One plausible explanation involves 
octyl branch degrees of freedom available in the more symmetric P8888 TfSI system which 
may translate in a more densely packed liquid at room temperature (higher η) than P4448 
TfSI. At higher temperatures, however, this symmetry is affected by the more varied 
arrangements in which the octyl branches can adopt. Showing in fact more statistically 
asymmetric configurations and a lower η as Adamova et al. show.18 The three butyl 
branches with a single octyl branch in P4448 TfSI may still have varied branch arrangements 
at higher temperatures but their branches are shorter than P8888 having less degrees of 
configurational freedom. Thus, giving a slightly higher viscosity result at higher 
temperatures than P8888. For all ionic liquids one result held: everything else equal, various 
shear rates were used with the resulting viscosity measurements unaltered. That is, different 
shear stresses in the liquid were always observed to be linearly dependent to the 
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corresponding fluid strain rate. This is the theoretical consideration and definition of an 
ionic liquid. The three ionic liquid systems in the sections above behaved as Newtonian 
fluids.20 
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CHAPTER 2 BULK STRESS EVOLUTION IN THE LITHIUM MANGANESE OXIDE 
SPINEL 
2.1 Introduction 
Battery technology has witnessed in the last three decades an ever increasing demand 
for higher energy density, more versatile, lighter, high capacity, and robust systems. The 
exponential development and growth of consumer-oriented electronic devices and their 
insatiable need for power overwhelmed the already fast development of energy storage 
technologies. The second decade of the century anticipates an even higher demand of 
portable and new generation of high power, low-weight batteries for the automobile 
industry. In the midst of all these power demands, Li-ion technologies came as an 
innovative technology that targeted the exact areas needed in today’s power demanding 
world, outperforming other systems by virtue of their high potential, high energy density, 
wide temperature range of operation, lower toxicity concerns and design flexibility.21 
These virtues also pose a diverse set of challenges; namely, diffusion-induced stresses 
which cause particle fracture during lithiation and delithiation.22 Changes are isotropic as 
long as lithium content remains in the range of 0 < x < 1 for the LixMn2O4 composition or 
equivalently, cycling potential ranges between 3.5 – 4.5 V versus Li/Li+.23 But, isotropy at 
the unit cell scale does not translate into mechanical isotropy at the micro scale where 
stresses cause deformation of the LiMn2O4 granules.24 The solid electrolyte interface (SEI), 
a passivating layer that protects the electrodes of further reacting with the electrolyte 
constantly extends its surface area due to cycling stresses and smaller stresses inherent to 
the formation of this protective film. A direct consequence of SEI formation and growth 
consists of higher impedance by virtue of a slower lithium diffusion through this layer and 
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into the bulk electrode. Other concerns include the need for cathode materials permitting 
faster lithium insertion/extraction and an overall increase in the specific capacity of the 
cathode—the performance-limiting electrode in a lithium-ion battery.25 
Lithium manganese (III, IV) oxide has a cubic closed-packed oxygen array in what 
is termed a “spinel” structure with space group Fd-3m.26 Manganese ions are octahedrally 
coordinated, while lithium ions sit in tetrahedral sites (Figure 2.1). This assembly can be 
visualized as a layered structure consisting of oxygen planes where a 3D network of 
channels (Figure 2.2) facilitates lithium diffusion during insertion and extraction cycles. 
 
Figure 2.1 Portion of an ideal spinel LiMn2O4 unit cell where manganese is octahedrally 
coordinated by oxygens and lithium sits in tetrahedral sites. 
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Figure 2.2 LiMn2O4 spinel structure highlighting network of 3D channels in between 
oxygen planes. Reproduced from Garche, J.; Dyer, C. K., Encyclopedia of Electrochemical 
Power Sources. Elsevier: 2009; Vol. 5, p 319. Copyright 2009, Elsevier. Ref 23. 
 Charging and discharging leads to a reversible contraction (during lithium 
extraction) or an expansion (during lithium insertion) of the cubic lattice as long as cycling 
happens in the 3.5 V to 4.5 V vs. Li/Li+ potential range. For a fixed electrode material onto 
a substrate, this contractions and expansions of the structure translate into bulk stresses. 
Figure 2.3 shows the electrochemical potential response of lithium diffusion during 
charging and discharging protocols. The electrochemical and morphological correlation is 
evident and allows for characterization of different regions also correlated to structural 
changes described in the literature.23 Figure 2.3 shows such regions of lithium extraction 
marked as A, B, C and D. The red curve represents results presented by testing in a coin-
cell type lithium battery while the blue curve shows results in a flooded cell (excess 
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electrolyte) performed in this project. The results in this project agree to a great extent with 
results found in the literature. In region A (4.1 V vs. Li/Li+ plateau) only one cubic 
LixMn2O4 phase exists as lithium is extracted from x ≈ 1 to around x ≈ 0.6. This is 
accompanied by a small and uniform reduction of the cubic lattice parameter a. The 
transition, or step, into the 4.2 V vs. Li/Li+ plateau (B) reflects a significant change in a, 
but still one single phase is maintained for x ≈ 0.6 to 0.4. Two cubic phases coexist at the 
4.2 V vs. Li/Li+ plateau (C) (0.1 < x < 0.4) where a reversible lattice strain of around 2.5% 
and a total unit cell volume change of about 7.5% occur at x ≈ 0.33.23, 27, 28 The cubic lattice 
parameter of both phases decreases isotropically and reversibly during charging of the 
battery and but for compositions of x < 0.1, only one cubic phase remains. For the 
remainder of the lithium bulk stress sections, all potentials are versus Li/Li+ unless 
specified otherwise. 
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Figure 2.3 Electrochemical features of the potential vs. composition showing the two local 
plateaus during the first cycle. Red curve: coin cell. Blue Curve: flooded cell. A: 4.1 V-
plateau, B: 100 mV step onto 4.2 V-plateau, C: 4.2-plateau. D: Li+ depletion region. 
Potentials are versus Li/Li+ Red curve reproduced from Garche, J.; Dyer, C. K., 
Encyclopedia of Electrochemical Power Sources. Elsevier: 2009; Vol. 5, p 313. Copyright 
2009, Elsevier. Ref 23. 
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2.2 Experimental Details 
A cantilever curvature based testing arrangement was used to obtain stress 
measurements based on sample deflection. The sensing apparatus utilizes a capacitive tip 
able to measure sub nanometer deflections with capacitive acquisition rates exceeding 1 
kHz.29, 30 Figure 2.4 shows the testing apparatus and sample dimensions. A calibration 
protocol follows once the sample has been secured in the testing assembly and before 
adding electrolyte. This consists of placing the device in such a way as to have the bending 
direction of the sample being collinear with the gravitational field of earth. This procedure 
performed for the front and back sides of the samples eliminates important sources of error 
and substrate parameters (elastic moduli of the cantilever and a squared term representing 
the substrate thickness). The sample is allowed to rest in order to eliminate any remaining 
drift of the sample and sensor tip. Following this process allows the sample bulk stress per 
device voltage output be represented by equation  
 
 
(2.1) 
Equation (2.1) includes substrate parameters as well as dimensions related to the 
geometry of the sample (see also Figure 2.4b). Parameters ρs, ag, ΔVtot, and ν represent 
density of the substrate, gravitational constant, deflection voltage resultant during 
calibration, and Poisson’s ratio, respectively. Figure 2.4 shows parameters describing the 
geometry of the sample. 
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(2.1) 
  
Figure 2.4 Cross section of testing arrangement (a) and sample dimensions (b). Fixed 
sample (C) showing position of capacitive electrode (C) and capacitive sensor (CS) are 
shown above electrolyte level (E) or EL in (b). Important sample dimensions include (L, l, 
X, W, and w). Reference and counter electrodes (lithium metal wires) not shown. Reprinted 
with permission from Heaton, T.; Friesen, C., J. Phys. Chem. C 2007, 111 (39), 14433-
14439. Copyright 2007, American Chemical Society. Ref 31. 
The sample synthesis consists of several steps to ensure proper repeatability and 
film homogeneity. The process starts with ultra-high vacuum sputter deposition of  a 200 
nm aluminum layer on previously fractured 1 mm-thick soda lime glass microscope slides 
((3” x 1” x 1 mm, VWR International). A shadow mask provides the proper pattern, as 
shown in Figure 2.4. The final substrate dimensions after careful fracturing are 2.3” x 0.5” 
x 1 mm.  Alternatively, a 10-mil aluminum sheet cut into dimensions similar to that of the 
aforementioned sample was annealed at ~250 °C for two hours at 840 pounds-per-square-
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inch in order to release any stress caused by reshaping it. At that temperature and after two 
hours, aluminum starts to undergo initial recrystallization. To avoid excessive substrate 
softening the samples were not permitted to undergo a full structure recrystallization. 
Substrate parameters were changed accordingly in order to be used with equation (2.1). 
Next, a slurry is prepared with composition 80/10/10, which refers to weight 
percent of LiMn2O4 active material, black carbon (TIMCAL, carbon super P®), and 
polyvinylidene fluoride (PVDF, Kynar), respectively. 1-methyl-2-pyrrolidinone (NMP, 
Alfa Aesar) is used as the solvent to mix the dry components, after which a carefully 
measured amount of slurry is applied onto roughened (silicon carbide paper 600 
grit/P1200) aluminum working area on the substrate. NMP is later extracted from the 
sample by evaporation (75 °C) followed by attachment of a 50 µm diameter copper wire 
onto the capacitive electrode for electrical connectivity with the capacitive sensor 
apparatus. The sample is clamped to the testing PTFE vessel shown in Figure 2.4. The 
elements are introduced into a dry Ar glovebox (Ar purity: 99.995% <5ppm O2, <5ppm 
H2O) and a lid containing two lithium wires (Alfa Aesar, 99%) used for both reference and 
counter electrodes seals the system. As a result, all potentials related to experimental results 
shown in this work are presented vs Li/Li+ unless otherwise noted. 
An extra mechanical compression step was necessary for bulk stress tests replicates 
addressing poor sample adhesion. For these samples, the spread and drying of the slurry 
was followed by a hydraulic press compression using two tonnes per square centimeter, or 
4400 pound per square inch for one minute. Next, the sample was removed and permitted 
to relax before further sample preparation. 
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The sample and capacitive sensor tip are allowed to relax for several hours in order 
to free the system from any excessive drift. However, the sensitivity of the capacitive 
testing apparatus is such that any minor vibration can be observed in the form of vibration 
from the sample after its internal components have relaxed. Any minor disturbance such as 
a nearby conversation, people walking or opening doors nearby and as sensitive as the 
inherent building movement (glovebox located in 3rd floor) causes significant noise in 
stress reading. To dampen this noise, a 25-lb cylindrical platform was suspended in elastic 
cords and hung to the top portion of a tripod. A decrease in noise amplitude of up to sixty 
percent proved this system useful. Further optimization of cords/tubing with different 
stiffness and strain energy values permitted reduction of an extra twenty percent in the 
stress noise amplitude. The gravity calibration procedure was also performed in this setup 
but the tubing stiffness was larger to allow for stable short term results. Once the 
mechanical aspects are resolved, the cell is filled with 1 M lithium hexafluorophosphate 
(LiPF6) (Kishida Chamical, 99.9% and Sigma-Aldrich, 99.99%) salt in a 1:1 mixture by 
weight of dried organic solvents dimethyl carbonate (DMC) and ethylene carbonate (EC) 
(Alfa Aesar, 99%). It is important to highlight that all this steps have to be performed 
consistently in order for testing results to be successful and repetitive. Extreme care is taken 
to maintain the testing cell all parts in contact with the sample pristine-clean. Steps include 
soaking in warm (50 °C) nitric and sulfuric acids and rinsing with 18 MΩ-cm water 
(Barnstead Nanopure) after every single experiment. This testing protocol was developed 
by several members of the Friesen group including the author and constitutes the product 
of extensive testing and optimization of previous and current experiments. The methods 
and theory behind every step of sample preparation, sample loading, monolithic testing 
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apparatus, and stress monitoring are unique and attest the expertise and knowledge unique 
of this group in the field of bulk and surface stress. 
The author cannot emphasize enough the importance of both, a high resolution 
instrument to measure minute sub-nanometer beam deflections, and personal and collective 
efforts to overcome substantial challenges for proper bulk stress measurement. On the 
capacitive sensor, several strategies were applied for accurate measurements of a stable 
voltage output per beam deflection. It was necessary to use a low-noise power supply along 
with a voltage reducer in order to transmit potentials of the right scale to the auxiliary 
channel of a Gamry 300/750 potentiostat/galvanostat. The maximum voltage accepted by 
the potentiostat was 5 volts. With the proper use of a voltage divider, the 10 volt output of 
the capacitive sensor array was modulated to fall in the 5 volt range of the Gamry. It was 
later discovered that the Gamry amplifies the potential input of the auxiliary channel by 
around 18 percent. This alone caused significant troubleshooting and all measurements 
needed to be adjusted to account for this adjustment—a feature not included in any Gamry 
user manual. 
Several techniques acquired by the Friesen group aided to improve proper stress 
measurements. These include and are not limited by the use of the cell sealing mechanisms 
to diminish DMC evaporation, proper lithium electrode alignment, testing platform 
leveling, firm capacitive sensor tip positioning, and in general overall reduction of stress 
drift by the system. 
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Table 2.1 Summary in chronological order of general challenges/nuances of the bulk stress 
measurement project and how they were resolved. The last column includes the impact this 
challenge/nuance had in obtaining accurate stress measurements classified as low, medium 
or high. 
Challenge/Nuance Solution Impact 
Poor film to substrate adhesion 
Roughened surface with proper abrasive 
material or etching method (e.g. Al dip in 
HCl) 
High 
Film delamination 
Optimize slurry thickness by varying 
NMP content, drying times and 
temperatures 
High 
Mud cracking (film) 
Finer temperature stabilization by using 
thermal radiation instead of conduction or 
convection 
Medium 
Excessive DMC evaporation 
Improved cell sealing mechanisms and 
compensating DMC evaporated in 
between experiments 
Low 
Lithium wire conductivity 
variation by formation of black 
film on surface 
Use of lower C-rate values Medium 
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Excessive flaking of lithium 
reference and auxiliary 
electrodes 
Lower C-rate values Medium 
Voltage output of capacitive 
sensor > max. Gamry auxiliary 
voltage input 
Use voltage divider Low 
Excessive noise in stress curve 
1. Place cell in suspended platform 
2. Level platform 
3. Avoid touching/talking near glovebox 
High 
Excessive stress drift observed 
1. Fix sensor tip to cell 
2. Let system thermally equilibrate 
3. Isolate sensor wiring from box floor 
Medium 
Additional stress noise 
observed 
Compact electrode to improve particle-to- 
particle adhesion 
High 
Low cyclic noise observed in 
stress curves 
Ground glove box (manufacturer 
grounding insufficient) 
Low 
Low stress values observed 
Use thinner wire to connect capacitive 
electrode to capacitive sensor input 
High 
Limited borosilicate sample 
availability due to cost 
Design and fabricate all aluminum 
samples in-house. 
Low 
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Limited electrolyte shelf-life 
1. Use Phosphorous pentoxide to better 
dehydrate glove box atmosphere‡ 
2. Dehydrate organic solvents (EC and 
DMC) before preparing solution 
3. Acid-clean cell and glassware 
Low 
Notes: ‡  Drying train eventually installed in glovebox. 
 For the sake of efficiency, the above list includes only general sets of problems. 
Challenges and solutions were very effectively reduced to one sentence, yet some required 
weeks or months to identify, troubleshoot and eliminate as a better understanding of the 
responses and capabilities of the system were realized. One special example of the 
capabilities of this system to resolve structural changes during electrochemical cycling is 
presented in the next section. The next section depicts bulk stress evolution during lithium 
intercalation in a graphite anode and constitutes the pillar of this investigation. 
2.3 Previous Bulk Stress Evolution Results: The LiC6 Anode32 
The investigation that pioneered measuring bulk stress evolution in lithium 
electrodes was undertaken by Dr. Larry Mickelson, a member of the Friesen group. His 
efforts are portrayed in this section and highlight the capabilities and resolution of the 
capacitive-based sensor setup and corresponding methodology for stress measurement. It 
is important to highlight the repeatability and accuracy of structural changes reported 
during the well-known graphite insertion and deinsertion of lithium in highly oriented 
pyrolytic graphite (HOPG). 
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Figure 2.5 Chronopotentiometric plot during ten lithium intercalation and deintercalation 
cycles. Rate: C/3.5. Active mass of graphite: 12.0 mg.32 
 Constant current insertion and extraction of lithium in graphite is represented in 
Figure 2.5. This plot shows stable electrochemical cycling and a progressive capacity loss 
observed cycles taking shorter amounts of time. A better way to appreciate this loss is 
presented in Figure 2.6, where the charge passed in each cycle is plotted versus its cycle 
number. An approximated twenty percent capacity loss is observed in the oxidation cycles 
and a thirty five percent loss during reduction. The reduction cycle includes the irreversible 
charge loss of SEI formation. While pouched cells exhibit less loss, this values are 
remarkable for flooded cell setups. The purpose of this initial two plots is to show the 
capabilities of the testing cell to exhibit stable electrochemical cycling and better than 
expected capacity retention. 
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Figure 2.6 Charge loss during reduction and oxidation versus cycle number. Note the 
pronounced irreversible charge loss of the first lithium insertion cycle. Data corresponds 
to cycles shown in Figure 2.5.32 
 Figure 2.7 shows the bulk stress responses observed during cycling. Regions A and 
B in the same figure correspond to the reduction and oxidation cycles, respectively. A high 
degree of repeatability is readily observed. The well-defined slope changes in the reduction 
and oxidation curves signal follow expected compressive and tensile stresses, respectively, 
as described in classical lithium staging models in graphite.33 A more modern lithium 
hoping mechanism shows less defined insertion/extraction regions but still the effects are 
strong and repeatable as seen in the figure. Equally strong tensile changes are observed 
during oxidation of the anode or equivalently, lithium extraction. 
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Figure 2.7 Bulk stress evolution during ten lithium intercalation and deintercalation cycles. 
Region A denotes reduction and region B the corresponding oxidation. The global 
minimum of each curve marks the transition of the electrode reduction to oxidation. Rate: 
C/3.5. Active mass of graphite: 12.0 mg. Data corresponds to cycles shown in Figure 2.5.32 
The resultant net stress variation along with the stress of each oxidation and 
reduction curves and are extracted from Figure 2.7 and are summarized in Figure 2.8. The 
consistency of the stresses is outstanding. Dr. Mickelson’s investigation was able to indeed 
resolve to a great degree of accuracy bulk stresses observed during intercalation/extraction 
of lithium into/from graphite. These stresses were determined to be -3.7 ± 0.4 MPa 
(compressive) and +1.9 ± 0.2 MPa  (tensile) for intercalation and extraction of lithium, 
respectively.32 Additional analysis also took advantage of the technique’s resolution and 
expanded onto explain stress related with SEI formation, which turned out positive 
A B 
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(tensile). It is the author’s goal to attempt to expand on these results for the case of the 
LiMn2O4 cathode composite and to obtain a strong correlation between structural changes 
with electrochemical cycling such as the one showed by Dr. Mickelson. It is noted, 
however, that the cathode is a much reactive and less mechanically stable composite than 
the one used in this investigation. Careful planning is needed to address the special aspects 
of the cathode. The challenge and success are described in the following sections. 
 
Figure 2.8 Stress evolution data during Li cycling taking from Figure 7.  Net stress (blue 
triangles) is the stress difference between the beginning and end of a cycle.  Reduction and 
oxidation stresses are the amount of stress that develops during their respective half-
cycles.32 
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2.4 Results 
2.4.1 Cyclic Voltammetry of LiMn2O4 System 
Figure 2.9 shows a cyclic voltammetry experiment of an electrode containing 
LiMn2O4 active material. Charging/discharging cycles 2-3 show the typical two peak 
current response characteristic of the spinel system electron transfer kinetics.34, 35 The two 
peaks reflect how isotropic structural changes in the spinel cubic structure affect lithium 
diffusion in the system and in turn the corresponding capacities of a Li-ion battery.23 
Charge passed during the charging portion (A in Figure 2.9) of cycle 2 amounts 728 mC 
or a specific capacity of 63.2 mAh/g; Table 2.2 includes parameters associated with this 
paragraph’s calculations. While practical specific capacities reported in the literature 
approach 120 mAh/g,36 they use coin cells or “pouched” cell variations during testing. 
Testing of LiMn2O4 using flooded cells allows for direct monitoring of the film properties 
at the expense of amplified adverse effects also affecting coin cells. These effects mainly 
include slow dissolution of the electrode into the electrolyte and SEI formation, which 
manifest in higher self-discharge rates and decreasing cycling efficiency, respectively.37-40 
In this regard, a specific capacity of 63.2 mAh/g is a remarkable value attributed to careful 
testing procedures and an appropriate testing flooded cell design. 
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Figure 2.9 Cyclic Voltammogram of LiMn2O4 in flooded cell with 1.0 M LiPF6. A) 
Charging region, B) discharging region. Scan rate 100 µV/s. 
Table 2.2 Values of interest for the LiMn2O4 film sample used in Figure 2.9. Sample #2. 
Parameter Area Active Masse Nominal Charge Film Thickness 
Units cm2 mg mAh µm 
Value 2.58 3.2 0.38 22 
Notes: e Mass of LiMn2O4 in the electrode (i.e. carbon black and PVDF excluded). 
2.4.2 Chronopotentiometric Bulk Stress Evolution 
In this project our main aim is to monitor structural changes taking place at the 
cathode electrode while it undergoes constant current cycling. A constant current protocol 
(chronopotentiometry) provides the conditions needed for proper lithium ion extraction and 
A 
B 
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insertion into the electrode at relatively low C-rates ranging from 1/8 to 1/6. Figure 2.10 
and Table 2.3 describe a sample that followed this constant current charging/discharging 
protocol. 
 
Figure 2.10 Example of lithium extraction and insertion under constant current conditions. 
LiMn2O4 electrode in flooded cell with 1.0 M LiPF6. Rate: C/7. 
Table 2.3 Values of interest for the LiMn2O4 film sample used in Figure 2.10. 
Parameter Area Active Mass Specific Capacity Film Thickness 
Units cm2 mg mAh/g µm 
Value 2.53 11.0 61.9 58 
 
A 
B 
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In the same way that the cyclic voltammogram from Figure 2.9 showed two 
different regions of ion diffusion, Figure 2.10 shows this characteristic behavior from a 
different perspective. Two local plateaus are observed, located around 4.1 V and 4.2 V in 
the lithium extraction curve (see Figure 2.10 regions A and B, respectively). These plateaus 
represent where most of the lithium ion gets inserted or extracted from the normal cubic 
spinel structure along with the different isotropic structural modifications they induce in 
the process.22 As mentioned in Section 2.1, slight isotropic reversible changes in a† of the 
single spinel phase characterize the 4.1 V charge plateau (A in Figure 2.10, 0.6 < x < 1 in 
LixMn2O4), while stronger changes in a characterize the step into the 4.2 V charge plateau 
(B in Figure 2.10, 0.4 < x < 0.6). For the 4.2 V plateau itself (B, 0.1 < x < 0.4) two phases 
coexist and their respective cubic lattice parameters, although slightly different, both 
decrease isotropically during charging. Delithiation beyond 4.2 V (x < 0.1) manifests into 
a relatively steep potential profile and the existence of just one cubic phase. All these 
structural changes match the electrochemical response in Figure 2.10. The next following 
passages shows bulk stresses and their correlation with these descriptions. 
Delithiation of LiMn2O4 induces a tensile stress in the cathode electrode film as 
lithium ions vacate the tetrahedral sites during charging. The cantilever-beam electrode 
curves inward with respect to the capacitive sensor, thus reducing the distance to this 
sensor. This generates a positive voltage signal linearly proportional to the beam deflection; 
in this case a tensile stress resultant is also a positive value. When a lithiation cycle follows, 
                                                 
†Cubic lattice parameter 
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the response is the opposite, i.e. the sample curves outward with respect to the sensor due 
to lithium ions diffusing into the previously vacated 3D network of tetrahedral sites, 
generating a compressive stress. To illustrate this, a selected portion of the associated stress 
response from sample #2 portrayed in Figure 1.25 is shown in Figure 2.11.  Figure 2.11 
shows the expected stress responses versus composition where regions A, B and C are 
clearly defined. Bulk stress change during lithium extraction are around 0.6 MPa (tension) 
and bulk stress change during lithium insertion are about 0.8 MPa (compression). Drift of 
the sensor was negligent for this experiment. Region A is characterized by the existence of 
only one cubic phase and small changes of the cubic lattice parameter, a. In region B, the 
single cubic phase remains but strong changes of a start to distort the unit cell isotopically. 
In region C, another cubic phase starts forming and coexisting with the original cubic 
phases. Finally, in region D, the growing single cubic phase takes over the previous 
structure and remains as the only cubic phase existing. 
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Figure 2.11 Bulk stress evolution of charging (blue) and discharging (red) curves 
represented in Figure 2.10. Region A: One cubic phase, small changes of cubic lattice 
parameter, a. Region B: One cubic phase, strong changes of a. Region C: Two coexisting 
cubic phases. Region D: One cubic phase. 
 Another sample, portrayed in Figure 2.12 shows constant current charging (curves 
with positive slopes) and discharging curves (curves with negative slopes) of cycles 1, 2, 
6, 10. Both plateaus are visible at 4.1 V (A in Figure 2.12) and 4.2 V (B in Figure 2.12) vs. 
Li/Li+ during charging with their corresponding discharging plateaus 100 mV lower (see 
C and D in Figure 2.12) . This hysteresis between charging and discharging curves suggests 
a moderate overvoltage associated with the lithium insertion process in the 3.4 V to 4.4 V 
vs. Li/Li+ range used in this investigation. Coin-type cells generally show smaller 
overvoltage differences for reasons explained in section 2.4.1. 
A B 
C D 
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Figure 2.12 Charging and discharging chronopotentiometric experiments. LiMn2O4 
electrode in flooded cell with 1.0 M LiPF6. Rate: C/7. Active mass: 15.3 mg. Thickness: 
74 μm. 
Figure 2.13 and Figure 2.14 show the resultant stress associated with charging and 
discharging cycles (1, 2, 6, and 10), respectively. All curves have been repositioned in 
order to show all the stress features in one plot and have been subjected to adjacent average 
smoothing with a windows of 60 points. The charging portion of cycles 1, 2, 6, and 10 has 
a net tensile stress change—measured from the beginning of a curve at its lowest potential 
until the end, at its highest—of 56 kPa, 11 kPa, 16 kPa, and 17 kPa, respectively. From 
these stress changes of Figure 2.13 one thing stands out: the large stress observed during 
charging cycle 1. Put another way, the consistent stress resultants observed in charging 
curves 2, 6 and 10 contrast the divergent stress resultant of cycle 1. This is associated with 
A 
B 
C 
D 
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an irreversible charge loss during the first charging and discharging cycles and is discussed 
in section 2.4.3. 
 
Figure 2.13 Bulk stress evolution of charging curves (cycles 1, 2, 6, and 10) represented in 
Figure 2.12.  
 These stress curves have been plotted against a potential abscissa in order to 
compare structural and electrochemical phenomena with their corresponding 
chronopotentiograms. The delithiation curves from Figure 2.9 feature two plateaus at 
around 4.05 V and 4.15 V—note the 100 mV difference predicted by theory.23 It follows 
that Figure 2.13 also possesses these characteristics in a less defined fashion due to noise 
in the measurements. For example, curves 2 and 10 in the charging stress response plot 
(Figure 2.13) show an increasingly stress response for potential regions around 4.05 V and 
4.15 V. The other curves (1 and 6) also follow these behavior but with less detail. Focusing 
our attention to the discharge stress curves (Figure 2.14), a stronger response is apparent 
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in all cycles: a plateau at around 4.1 V (compare with discharge curves reported in Figure 
2.12), a sharp step to 4.0 V accompanied by an ever decreasing stress response due to the 
compressive nature of lithium insertion into the Mn2O4 polyhedral framework.41 The stress 
responses of the discharging portion of cycle 1, 2, 6, and 10 have a total compressive stress 
change—measured from the beginning of a curves at its highest potential until the end, at 
its lowest—of 22 kPa, 14 kPa, 24 kPa, and 17 kPa, respectively. 
 
Figure 2.14 Bulk stress evolution of discharging curves (cycles 1, 2, 6, and 10) represented 
in Figure 2.12. 
2.4.3 Irreversible Charge Loss of First Cycle 
Lithium insertion and intercalation compounds react with organic electrolytes used 
in their battery assemblies. The rate of this reaction decreases as a protective passivating 
layer, known as the solid electrolyte interface (SEI) increasing the impedance of the 
cathode at the expense of reducing its cycling efficiency.40 The formation of this layer is 
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accompanied by an irreversible charge loss which is used to form such protective film. As 
such, a proper understanding of the SEI layer is paramount to contribute to the body of 
science by using our unique bulk-stress evolution model to characterize its formation on 
the surface of LiMn2O4 cathodes. 
 Electrochemical analysis inherently interrogates samples to estimate the 
irreversible charge needed to complete a reaction. In the case of LiMn2O4, the associated 
irreversibility of charge spent forming the SEI layer can be appreciated in both a cyclic 
voltammogram and a chronopotentiometric analysis. Figure 2.9 showed cycles 2 through 
4, purposely omitting the first cycle as this contained the irreversible charge loss of SEI 
formation competing with the faradaic half-cell reactions of lithium extraction. Figure 2.15 
shows the above mentioned cyclic voltammetry including the first cycle (lithium extraction 
first). 
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Figure 2.15 Cyclic Voltammogram of LiMn2O4 presented in Figure 2.9 with the addition 
of the first cycle. 1.0 M LiPF6. Scan rate 100 µV/s. 
 Integration of cycle one in Figure 2.15 returns total charge passed of 1.18 C from 
open circuit (3.88 V) to 4.4 V. Comparing this to cycle 2 (728 mC), a difference of 452 
mC reflects the irreversible charge loss due to capacity fading, SEI formation and non-
faradaic processes of manganese dissolution. In other words, this 452 mC difference cannot 
be solely associated with SEI formation as the electrode inherently loses charge during 
each cycle (see reduction of peak areas in Figure 2.15) as well as losing material through 
dissolution of active material (Mn3+ disproportionation and subsequent dissolution of Mn2+ 
into electrolyte).40 Delamination of active material can explain the unevenness of the stress 
versus potential curves and has also been observed upon sample extraction after testing. 
An overview and attempt to mitigate cathode delamination from the aluminum substrate 
and loss of mechanical stability is presented in the following section. The stresses 
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associated to each of the aforementioned phenomena are explained in the following section 
where the electrodes where pressed for better mechanical stability and cycling behavior. 
2.4.4 Improving Cathode Adhesion by Pressing 
This section looks to improve on the noisy results presented above. Visual 
delamination of the cathode material from its aluminum substrate was noticeable in some 
sample after testing. But, in most samples tested, the constant current chronopotentiograms 
do not show signs of noise of electrical connectivity issues. This points to particles of active 
material loosing mechanical contact with the substrate (delamination) and to one another 
(a subset of electrode grinding). In all these cases, the electrode does not necessarily lose 
electrical contact with their adjacent particles and the part of the substrate, explaining the 
smooth constant current potential response such as the one in Figure 2.12. The stress 
profiles, on the other hand, can be quite noisy. One strategy to alleviate this phenomenon 
was to compress the active material after drying onto the aluminum substrate. Vidal et al. 
showed increased lithium composite cathode mechanical stability and rate capabilities 
when applying pressures of around 2 tonnes per square centimeter (4400 psi).42 
 The steps for cathode sample preparation up to slurry deposition were identical to 
the procedure explained in section 1.2, except for the pressing portion. After pressing, 
regular sample preparation followed and the samples were loaded in the testing cell for 
experimentation.  A smaller potential window than in section 2.4.2 experiments was used 
in order to further improve electrode degradation as per Dr. Dan Buttry’s suggestion during 
the comprehensive presentation of preliminary results. The window was decreased from 
3.4 to 4.4 volts to 3.8 to 4.3 volts, a 500 mV difference. Figure 2.16 shows constant current 
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charging and discharging curves of cycles 1 through 10, with the exception of 7 for a 
pressed sample. Both plateaus are visible at 4.05 V and 4.15 V during charging with their 
corresponding discharging plateaus slightly below these values. The first charge 
(delithiation) step moves 2.071 coulombs. Most of this charge however, is spent 
irreversibly in forming the SEI passivating layer. For a 6.4 mg sample, this gives a specific 
capacity of 90.00 mAh/g. During the second charge cycle we obtain a more accurate 
estimate of charge passed and electrode capacity in the flooded cell: 1.339 C with a specific 
capacity of 58.12 mAh/g. This value is comparable to 63.2 mAh/g for the second cycle of 
an uncompressed sample portrayed in section 2.4.1. If we consider the irreversible charge 
loss of 2.071 C – 1.339 C = 0.732 C, most of it can be attributed to surface SEI formation 
and Mn2+ dissolution. The last delithiation cycle, seen at the tip of the top arrow in Figure 
2.16 features a specific capacity of 47.57 mAh/g or a capacity loss of just 18 percent over 
nine cycles at a C/7 rate. This is actually remarkable for a flooded cell.  
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Figure 2.16 Charging and discharging chronopotentiometric experiments. LiMn2O4 
electrode in flooded cell with 1.0 M LiPF6. Curve 7 has been omitted. Arrows show 
chronology of results. Rate: C/7. Active mass: 6.4 mg. Thickness: 8 μm (28 μm before 
compaction). Sample #21. Positive sloped curves correspond to charging cycles (Li 
extraction).  
 Following the direction of the lower arrow in Figure 2.16 are the discharging 
(lithiation) curves. The first, second and last of these cycles, beginning at the base of the 
arrow feature specific capacities of 59.64, 55.08 and 46.96 mAh/g. A capacity loss of 15 
percent going from second to last cycles. 
The corresponding bulk stress responses for the nine cycles of this sample are 
shown in the next sequence of four figures. The number of samples was split in half for 
clarity. That is, Figure 2.17 and Figure 2.18 show tensile stresses during delithiation for 
cycles 1 through 5 and 6 through 10, respectively. Similarly, Figure 2.19 and Figure 2.20 
  105 
show compressive stresses induced by lithiation of the cathode for cycles 1 through 5 and 
6 through 10, respectively. Pressing the electrodes had a profound effect on the mechanical 
stability as seen in the stress curves. There is considerably less noise, and structural changes 
during cycling are very clear. In Figure 2.17 for example, the regions where relevant 
structural changes happen are indicated by the letters a through e. As explained in section 
2.1 and Figure 2.3, the Mn2O4 matrix in region a features a single cubic phase, upon further 
lithium extraction, strong changes of lattice parameter in the cubic phase are evident which 
is reflected in region b. In region c, there is a coexistence of two cubic phases until this 
structure transitions to just one cubic phase. This is shown by the abrupt tensile stress 
increase in d. As long as the potential does not exceed 4.4 V, no more structural changes 
are observed upon further delithiation, see region e. Therefore, we have two tensile 
increments and three plateaus corresponding to structural Li accommodation or vacancy. 
The tensile resultants are on average 1.25 MPa with the exception of the first cycle, whose 
tensile gain is 2.2 MPa. This suggest a combined stress of SEI formation and Mn2+ 
dissolution of 0.95 MPa for samples that underwent compression before testing. 
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Figure 2.17 Bulk stress evolution of first five charging regimes presented in Figure 1.12. 
Curves show tensile stresses during delithiation. 
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Figure 2.18 Bulk stress evolution of last four charging regimes presented in Figure 1.12. 
Curves show tensile stresses during delithiation. 
As cycle numbers increase, cathode deterioration becomes evident, and the marked 
boundaries start to appear blurred. See for example cycle 10, the last delithiation cycle of 
Figure 2.18. Even though the mechanical properties of the sample have been considerably 
improved by pressing, inelastic expansion and contraction of the electrode irreversible 
deforms the structure during each cycle. Cycle 8 features four plateaus. This may be 
explained by the omission of cycle 7, where considerable noise in both the electrochemical 
and stress curves was present. It is very likely that new surface was exposed by film 
delamination or flaking. In this case, the compounded effects of lithium extraction from 
both the undisturbed surface and the stress effects of a new surface may express in a multi-
plateau curve. 
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Figure 2.19 Bulk stress evolution of first five discharging regimes presented in Figure 1.12. 
Curves show compressive stresses during lithiation. 
 
Figure 2.20 Bulk stress evolution of last four discharging regimes presented in Figure 1.12. 
Curves show compressive stresses during lithiation. 
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 Figure 2.19 and Figure 2.20 show the discharging cycles in which lithiation induces 
a state of compressive stress by virtue of lithium intercalation. The three characteristic 
plateaus are present and are clearly defined in the first cycles. See regions a, b and c in 
Figure 2.19. As observed before, the details of the structure change boundaries lose 
resolution and become less marked as the cycle number increases. See for example cycles 
9 and 10 of Figure 2.20 where the intermediate plateau has nearly disappeared. Average 
compressive stress during lithiation are 1.0 MPa in samples that underwent compression 
of 2 tonnes per square centimeter (4400 psi). 
 
Figure 2.21 Charging and discharging chronopotentiometric experiments. LiMn2O4 
electrode in flooded cell with 1.0 M LiPF6. Rate: C/7. Active mass: 6.7 mg. Thickness: 16 
μm. Sample #19. Positive sloped curves correspond to charging cycles (Li extraction). 
Arrows show chronology of results. 
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 Sample 19, portrayed in Figure 2.21 consist of the second best sample from a batch 
of 22 replicas attempted (from a stress response perspective). This sample perfectly 
illustrates the difference between mechanical and electrical stability. Upon analysis of the 
chronopotentiogram in Figure 2.21 –and similarly to the analysis performed in the previous 
sample—the capacity and capacity retention is noteworthy. At 94.49 mAh/g for the first 
SEI forming delithiation step, to 75.4 and 61.77 mA/g for the second and last, respectively. 
This gives the best specific capacity of all tested samples and a capacity loss of just 18 
percent. In the lithiation cycles, represented in Figure 2.21 by the curves with negative 
slopes, specific capacities of 73.92, 72.80 and 60.66 mAh/g are observed for the first, 
second and last discharging cycles, respectively. 
 
Figure 2.22 Bulk stress evolution of first six discharging regimes presented in Figure 2.21. 
Curves show compressive stresses during lithiation of working electrode. 
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 Overall, the electrochemical responses of sample 19 were stupendous. When we 
analyze the stress responses for the lithiation and delithiation processes in Figure 2.22 and 
Figure 2.23 we encounter results that do not necessarily match the quality of its 
electrochemistry. Even though lithiation cycles 0 through 5 in Figure 2.22 are superior 
when compared to responses in samples not subjected to compression, their details were 
not as defined as sample 21 from Figure 2.16. In fact, the corresponding delithiation results 
showed excessive noise pointing to a sample which did not press homogenously throughout 
its surface area. The same applies to the delithiation curves represented in Figure 2.23. It 
was only after cycle 5 that stress responses stabilized and were able to portray the expected 
features during lithium extraction. Regions a, b and c are recognizable in Figure 2.23 but 
rapidly fade by cycles 9 and 10. Overall, the stress signals are superior to samples not 
subjected to pressing. Therefore, this reinforces our stance about the composite electrode 
having good electrical conduction but not necessarily a mechanically sound connection 
with the substrate or between its particles to transfer any strains as stresses. 
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Figure 2.23 Bulk stress evolution of last five charging regimes presented in Figure 2.21. 
Curves show tensile stresses during delithiation of working electrode. 
2.5 Discussion 
Staging phenomena in graphitic anodes showed clear responses and their correlation 
with structural changes. Degradation and surface adhesion were readily ameliorated by the 
growth of a rough copper surface. When transitioning to the cathode, stress responses were 
governed by not only structural changes in the bulk but considerable deterioration at the 
bulk and electrode surface. This degradation and fast-paced mass loss showed how more 
challenging stress monitoring can be in comparison to its anodic counterpart. Additionally, 
growth of a copper adhesion layer was not possible due to copper stripping. In spite of this, 
proper surface roughening allowed the resolution and principles of the capacitive technique 
to detect in-plane stresses in the form of substrate curvatures during cycling. Invaluable 
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methods to dampen external effects on the stresses measured are unique to this group and 
helped isolate substrate curvatures as the only responses to chronoamperometric cycling. 
Bulk stress measurements were performed during chronopotentiometric oxidation 
(delithiation) and reduction (lithiation) cycles, equivalent to galvanostatic charging and 
discharging regimes. Charging/discharging rates of C/6 to C/8 were used according to the 
desired stress response rate and capacity measurements. In general, lithiation cycles caused 
a tensile stress state in the film while delithiation induced a compressive stress state. 
Results showed varying specific discharge/charge capacities of the cathode materials with 
different stress responses. This reflects the difficulty for consistent sample morphologies 
and their strong connection with charging/discharging cathode performance. Despite this, 
the specific capacities obtained in the flooded cell arrangement were around 60 percent of 
capacities obtained in pouched cells. While seemingly low, these values constitute 
remarkable sample stability under conditions of excess electrolyte where Mn3+ 
disproportionation and subsequent dissolution of Mn2+ into the electrolyte are exacerbated 
when compared to their flooded cell counterparts. 
A powerful capacitive based technique to measure sample curvature in-situ provided 
means to detect structural changes during cycling, both in the surface, the bulk and at the 
interface between the film and the substrate. Stress measurements show excessive surface 
degradation upon cycling and mass loss when no additional methods to protect the surface 
exist. Morphology changes are directly associated with film behavior as the addition of a 
step to protect the surface by compaction showed a considerable improvement on capacity 
and mass retention. That is, clearer intercalation phenomena in the form of stress profiles 
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matching potential responses were reproducible over at least the first 10 cycles. 
Additionally, a minimized but non-negligent irreversible charge loss during the first cycles 
as well as over multiple cycles have been attributed to SEI formation and manganese 
dissolution. 
Around 21 samples were manufactured and tested. From these, only five showed 
results not affected, at least not excessively, by surface degradation and inhomogeneities 
in their morphologies which rendered the chronopotentiograms or stress profiles 
excessively noisy and unusable. A solution for this lack of electrode mechanical stability 
was the application of pressure to compact the electrode. As shown in the results, this 
considerably reduced the noise to a certain extent. However, the sample morphology was 
uneven despite several efforts to apply slurry homogeneously. This resulted in electrode 
grinding from the areas that were not exposed to less than the applied 2 tonnes per square 
centimeter (4400 psi). This caused some, but considerably less noise than samples that 
were not pressed. For samples with maximized homogeneously pressed areas, the results 
are strong, well defined stress responses associated with the main structural changes of the 
spinel layered structure. Such was the comparison between two samples from a lot of 22 
described in section 2.4.4. The one with the greater pressed area displayed the sharpest 
stress responses from all previously tested samples. On the other hand, a sample whose 
area was not pressed homogeneously showed excellent electrochemical performance, as 
the majority of samples, but sub-par stress responses when compared to well pressed 
samples. It is evident now that the lack of strong stress responses in previous tests with no 
pressing performed, was poor electrode adhesion to substrate or among its particles. 
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Throughout the results section, the mechanics of structural modification during 
charging and discharging showed clear regions of de-intercalation and intercalation, 
respectively. These have been designated as isotropic changes from different cubic phases 
to similar phases, at least in the voltages relevant to this investigation and the battery 
community. Though, as mentioned in the introduction these are changes at the lattice level; 
at the micro scale, lithium intercalation and deintercalation induce inelastic deformations 
that are anisotropic in nature. It is common to draw an analogy with the deformation of 
metals with the notion of plastic deformations. However, while plastic deformations in 
metals change their shape, the nature of their metallic bonds allow for small or negligible 
volume changes. This does not apply to composite electrodes such as the one used in this 
investigation. The inelastic deformation of LiMn2O4 composite electrodes changes their 
shape and volume.43 This explains the deterioration of a composite electrode during cycling 
and the subsequent capacity loss. The stress plots presented in this investigation were key 
to describe this degradation and their relationship with capacity loss. When the electrodes 
were pressed, this degradation decreased dramatically and so did its corresponding capacity 
reduction. Pressing had the effect of increasing particle-to-particle adhesion, thus, 
impeding excessive mass loss during cycling. 
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CHAPTER 3 CONCLUSION 
In the first portion, this investigation demonstrated a reversible process for 
electrochemical capture and release of carbon dioxide. In the membrane system, benzyl 
disulfide proved to have very low diffusivities in a polymeric medium; still, efficiencies of 
up to 17 percent in the membrane system were attained during a backward and forward 
potential switch. This potential swing strategy circumvented disulfide diffusion limitation 
by localizing its reduction and thiocarbonate formation at the surface. Another strategy to 
evade disulfide’s poor diffusivities was to develop a flow cell design in order to have the 
electroactive species in liquid medium and be delivered to the electrodes as a flow. CO2 
capture and release in this context happened at gas injection and extraction vessels, or 
spargers and inverse spargers, respectively. 
This project reflected the challenges posed by the dichotomy of academic research 
and technology development, while at the same time maximizing benefits of a symbiotic 
relationship between these two. Detailed proposed reaction paths of carbon dioxide capture 
presented fundamental findings; for example, the importance of tuning the active species 
reactivity in order to improve its chemical resistance. Slight variations in chemical structure 
modulated the strength of the sulfur-carbon bond between the benzyl thiolate and carbon 
dioxide adduct. Exotic chemistries and vast efforts were spent understanding the 
electrochemical characteristics of these modified benzyl thiolates. However, the reactivity 
of thiocarbonate species remained problematic and fine tuning resulted in marginal 
efficiencies. For appropriate milestone deliverables established by the Advanced Research 
Projects Agency – Energy (ARPA-E), the organization funding this research, a drastic 
technological development mindset permitted the development of mechanisms to 
  117 
circumvent fundamentals problems by enabling creative engineering solutions. As such, 
several CO2 membrane and flow cell systems were designed, machined and tested. As a 
step further, impedance problems were diminished by characterizing flows and geometrical 
elements of a flow cell design. The design also met strict protocols of flow distribution, 
temperature control, chemical resistance, and CO2 detection. High current were observed 
and should have produced significant amounts of CO2. These null results suggested the 
existence of competing paths for a more favorable thiocarbonate decomposition or an 
inefficient gas extraction sparger for CO2 detection. That is, reactivity concerns of thiolates 
conflict the technology applicability of chemistries capable of surviving harsh 
environments—heat, water, other sulfur compounds—encounter in flue gas streams of coal 
plant exhausts. 
In the second portion of this manuscript, a procedure for testing lithium manganese 
oxide spinel cathodes during charge and discharge using a cantilever type arrangement was 
developed. The application of a high resolution monitor of stress changes provided an 
extremely useful perspective of surface phenomena during electrochemical cycling. The 
precision, sensitivity, and applicability of capacitive-based measurements as developed by 
Friesen research group is unique in scope and robustness. No other group has developed 
stress-based measurements in greater detail. And in doing so, the author embarked on the 
challenge of measuring bulk stress evolution in a film well-known for its fragility and 
reactivity. As such, several challenges were faced and overcome. Mainly, film 
delamination, homogeneity, mechanical stability, purity, and repeatability from sample to 
sample. At the end bulk stress responses corresponding to delithiation and lithiation 
processes showed the right behavior. Delithiation (charging) cycles corresponded to the 
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evolution of tensile stresses responses and lithiation (discharging) cycles were compressive 
in nature. Improved system stability and repeatability were attained by pressing the cathode 
with 2 tonnes per square centimeter (4400 psi). Compressive tresses up to 1.20 MPa during 
lithation and tensile stresses up to 1.35 MPa during delithiation were observed. These 
measurements were more detailed and showed the bulk stress related to SEI formation and 
Mn3+ disproportionation and subsequent dissolution of Mn2+ into the electrolyte. This was 
directly associated with the self-discharge capacity loss observations with an irreversible 
charge loss during the first delithiation step of 0.732 C and a tensile stress of 0.95 MPa for 
samples that were pressed. Samples not subjected to pressure featured tensile stresses up 
to 56 kPa during delithiation along with compressive stresses of 24 kPa during lithiation. 
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CHAPTER 4 FUTURE WORK 
Future work for the CO2 capture and release project encompasses better control of 
gas delivery and extraction systems by using automated mass flow controllers. Especially 
controllers for carbon dioxide precise mixing and for the resultant CO2 detection. Further 
investigation of nucleophilic systems less reactive than the current thiocarbonate species 
will extend testing robustness and allow resilience to common elements found in flue gases: 
water vapor and oxygen at high temperatures. 
Additionally, after extensive designing, testing and troubleshooting of the flow cell 
system the following observations attempt to aid in future work using this system as well 
as similar flow cell arrangements. First, the characteristics of the flow flux through an 
electrode ensure no mass limitation as the minimum flow used in the results section 
(section 1.3.4.5) did not result in significant current variation. In other words, for a range 
between eight to sixteen milliliters per minute, no discernible current difference was 
observed, therefore minor to modest variations in flow are acceptable during 
experimentation. These variations are not expected to affect the stability of electrochemical 
metrics. 
Second, several well-known polymers withstand high temperatures such as 
fluoropolymers and etherimides while others offer excellent chemical resistance such as 
the polyether ether ketone (PEEK) family and polypropylene. Yet, few common and more 
exotic polymers offer a good balance between these two properties. Additionally, thermal 
expansion considerations become a concern when testing above 100 °C. PEEK remained 
the best candidate for the flow cell body in the three fields as it did not deform when tested 
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above 100 °C and whose appearance remained the same upon constant exposure to thiolates 
and thiocarbonates. Its linear coefficient of thermal expansion is less than half of common 
fluoropolymers.44 Polypropylene is also a comparable candidate, but its operation 
temperature is just above 100 °C. Its usefulness was better allocated as a fitting material 
along with perfluoroalkoxy alkane (PFA), a copolymer of tetrafluoroethylene. 
Third, sensors were periodically recalibrated as vapors emerging from the system—
suspected to be mostly thiolates and organic solvents—tend to move the CO2 baseline ever 
so slightly. This was expected as the mechanism of CO2 detection relies on sensitive optical 
elements sensing and infrared lamp radiation. Any foreign matter deposition on these 
elements may cause the detection baseline to move. Figure 4.1 shows a basic schematic of 
the NDIR sensor arrangement. Foreign material can deposit in the IR lamp or detector, thus 
drifting the detection baseline. 
 
Figure 4.1 Schematic of a CO2 NDIR sensor.45 Carrying gas is represented as red spheres 
and carbon dioxide as gray spheres. 
Fourth, several temperature control methods were used—such as on/off control and 
proportional control. Proportional–integral–derivative (PID) controls were not 
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recommended due to the temperature sensing element (i.e. a thermocouple) having to be 
located close to where the heating element was located (marked “Heating tape locations” 
in Figure 4.2). Additionally, the dead time, or time needed for process variable to respond 
to a heating element output change, was in the order of several minutes. If the heating 
element is too far from the testing cell (marked as “PTFE cell” in Figure 4.2), temperature 
control can be unstable. However, proper PID parameter tuning permitted extremely stable 
temperature control where variations of less than 0.4 °C were observed. For a system 
moving flow at 16 mL/min this is remarkable. 
 
Figure 4.2 Layout of flow cell testing design. Note the location where the heating elements 
were located, marked by dotted red lines. 
Last, during the course of the last experiments, the lines transporting working fluid were 
inspected with the help of a magnifying glass. Microbubbles not readily visible with the 
naked eye were detected. They were very sporadic, averaging about one microbubble every 
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few minutes, but even when both spargers were full of electrolyte. These microbubbles 
might have the effect of permitting gaseous CO2 to dissolve in them versus dissolution in 
the working fluid. The volume of these microbubbles (approximately 1 – 5 μL) versus the 
amount of CO2 expected due to electrochemical generation was small enough to not be a 
cause of concern. However, if more viscous electrolytes are used, a proactive strategy 
needs to be taken in order to minimize its formation. The simplest strategies comprise: 
rising the temperature of the working fluid and avoid having points where the electrolyte 
is let fall in drops—such as from the sparger spargers feeding lines (see Figure 4.3). 
(a)   
(b)  
Sparger feeding 
line 
Sparger exit line 
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Figure 4.3 (a) Drawing of sparger enclosure, dimensions in inches. Note the liquid fall path 
between the feeding line and exit line. (b) Three dimensional representation of sparger 
enclosure. 
Future work for the lithium bulk stress project comprises a further stability and 
repeatability control by means of ultra-high vacuum metals deposited in uniform hard 
substrates. This project put especial emphasis on the LiMn2O4 chemistry, but this technique 
would present tremendous potential for measuring stress evolution of advanced battery 
electrodes such as lithium-polymer, lithium-sulfur, and solid-state batteries. Investigations 
of traditional chemistries such LiMn2O4, LiFePO4, LiCoO2, with modified transition 
metals and ionic liquid electrolytes would mitigate metal dissolution in the electrode and 
safety concerns.46 While efforts to investigate the said phenomena exist, comprehensive 
bulk and film stress evolution studies do not exist to the author’s best knowledge. 
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POTENTIAL VS. EFFECTIVE POTENTIAL DETAILS 
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 As mentioned in section 1.3.4, it is of help to generate a table or graph for each 
specific flow cell experiment showing the relationship between the applied potential, 
defined here as the potential set in the potentiostat, and the effective potential, defined here 
as the potential sensed by the cell after iR losses have been taken into account. We start 
with the relationship between iR and current. The resistant R is obtained from an EIS 
experiment for a specific flow cell experiment as shown in Figure 1.40. Figure B.1 shows 
this relationship. 
 
Figure 4.4 iR versus current i plot. Resistance obtained from the real component of EIS 
tests for each specific electrolytic system. 
 With a linear sweep voltammetry graph such as in Figure 1.42 and appropriate iR 
subtraction a useful applied versus effective potential reference graph (Figure B.2) can be 
generated. This graph helped determined the potentials needed for the experiment 
represented in Figure 1.43. For example, in order to start benzyl thiolate oxidation and 
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benzyl disulfide reduction a minimum of 2.5 volts are needed. Since the flow cell possesses 
a resistance of 1.4 kΩ (as measured by EIS) at 40 °C, the applied potential needs to be 2.75 
V. However, in order to obtain strong current, a potential of 3.5 volts is desired. At 3.5 V, 
significant current produces a significant iR drop, so a 3.5 effective potential necessitates 
an applied voltage of 6 V. 
 
Figure 4.5 Applied versus effective potential at 40 °C based on its corresponding linear 
sweep voltammogram and an EIS impedance measurement of Ru + Rp = 1.4 kΩ. 
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APPENDIX C 
DERIVATIVE OF CURRENT VERSUS EFFECTIVE POTENTIAL WITOUTH IR 
COMPENSATION 
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 The following plots are equivalent to the ones represented in to with the exception 
of not having the iR correction. The effect of iR correction is greater as the currents increse, 
therefore compressing the data range where the main electrochemical processes happen. 
The following plots show these detailsat the expense of not having this iR compensation. 
 
Figure 4.6 Derivative of the current versus applied potential of curves A (8 mL/min), B (12 
mL/min) and C (16 mL/min) at a constant concentration: 30 mM chloro benzyldisulfide 
and 60 mM chloro benzyl thiocarbonate. No iR compensation applied. 
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Figure 4.7 Derivative of the current versus applied potential of curves D (8 mL/min), E (12 
mL/min) and F (16 mL/min) at a constant concentration: 60 mM chloro benzyldisulfide 
and 120 mM chloro benzyl thiocarbonate. No iR compensation applied. 
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Figure 4.8 Derivative of the current versus applied potential of curves G (8 mL/min), H 
(12 mL/min) and I (16 mL/min) at a constant concentration: 100 mM chloro 
benzyldisulfide and 200 mM chloro benzyl thiocarbonate. No iR compensation applied. 
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Figure 4.9 Derivative of the current versus applied potential of curves A (0.3× conc.), D 
(0.6× conc.) and G (1× conc.) at constant fluid flow rate: 8 mL/min per electrode. No iR 
compensation applied. 
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Figure 4.10 Derivative of the current versus applied potential of curves B (0.3× conc.), E 
(0.6× conc.) and H (1× conc.) at a constant fluid flow rate: 12 mL/min per electrode. No 
iR compensation applied. 
  150 
 
Figure 4.11 Derivative of the current versus applied potential of curves C (0.3× conc.), F 
(0.6× conc.) and I (1× conc.) at a constant fluid flow rate: 16 mL/min per electrode. No iR 
compensation applied.IGNORE THIS PAGE (EndNote bug) 
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